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Ultra-Low Chloride Content Water Production for Corrosion Control 
Lewis E. Crone, Ph.D. 
University of Connecticut, 2017 
 
A process was developed to produce ultra-low chloride content on the industry standard 
strongly basic, gel -type anion resin employed in an equivalent mixture with companion cation 
resin in the deep bed condensate polishers at Dominion’s Millstone Power Station. The low 
chloride anion facilitated on-line conversion of the polisher resins to the amine chemical form, 
enabling an increase in secondary cycle amine concentration and pH for the purpose of 
minimizing general and erosion corrosion. This dissertation describes the research, testing, and 
full scale implementation of this unique application of ion exchange resins that led to an eighty 
percent reduction in secondary side iron dissolution and transport, a decrease in steam 
generator corrosion deposits of seven-hundred pounds per fuel cycle, an approximate $1.3 
million dollar savings in annual bulk chemical and production costs, and sixty-thousand fewer 
pounds per year of nitrogen loading of Long Island Sound. Millstone was the first U.S. 
pressurized water reactor to successfully implement full scale amine form operation of 
condensate polishers, with the process later implemented at Dominion’s Surry Power Station. 
While tailored to power plants with seawater or brackish water ultimate heat sinks, amine form 
polisher operation can be utilized at any power station, nuclear or fossil.
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Chapter 1: Introduction 
Corrosion control programs at U.S. pressurized water reactors (PWRs) are required by 
the Nuclear Regulatory Commission as a condition of the operating license and are devised and 
administered by plant chemistry departments. The corrosion control program is focused, by way 
of strict adherence to chemical composition and concentration limits, on maintaining the material 
integrity of the nuclear fuel cladding, the reactor coolant system pressure boundary, and steam 
generators and balance-of-plant systems. In the typical PWR with recirculating steam 
generators (RSGs), the most common type in the industry, about 70% of the reactor coolant 
system pressure boundary, by area, resides inside the steam generators in the form of the u-
tubes. These are the “U”-shaped heat exchanger tubes of the vertically mounted steam 
generators that transfer energy from the primary coolant to the secondary coolant. The primary 
pressure boundary embodied by the u-tubes must be protected from degradation else the 
radioactive primary coolant will have a pathway to the public. The largest challenges to the 
integrity of the u-tubes come from secondary cycle corrosion and wear products, and from 
degradation, or failure of main condenser tubes. For PWRs with seawater or brackish water as 
the ultimate heat sink, these are competing challenges as the means of protecting against 
seawater ingress – the deployment of full flow, deep bed condensate polishing -- limits the use 
of treatment chemicals designed to minimize corrosion by maintaining an alkaline pH. Deep bed 
condensate polishing ion exchangers consist of a mixture of strongly acidic cation resins and 
strongly basic anion resins with a column height of at least four feet, and are utilized in the 
industry essentially as an insurance policy, to protect the steam generators from a chemical 
assault in the event of a leak of the ultimate heat sink into the main condensate fluid (1,2). The 
standard industry chemical configuration of polisher resins is the hydrogen-hydroxide (HOH) 
chemical form, whereby, prior to being placed into service, the cation resin is converted to the 
hydrogen ionic form, H+, by regeneration with sulfuric acid, and the anion resin is converted to 
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the hydroxide ionic form, OH-, by regeneration with sodium hydroxide (3). The HOH-configured 
resins exchange pure water for salts present in the main condensate fluid from seawater or 
brackish water ingress. The high salinity of the ultimate heat sink facilitates detection of any in-
leakage, and, on occasions of ingress, the affected portion of the heat sink is isolated until 
repairs can be made. Main condenser tube leaks are rare, so most of the time the polishers are 
exchanging pure water for secondary treatment chemicals, purposefully added to the secondary 
cycle to minimize corrosion, thereby requiring constant injection of these beneficial chemicals. 
The discrete capacity of the resins requires removal from service once exhausted by the 
treatment chemicals. Operating past the point of exhaustion has not been feasible, as the 
accompanying increase in mobile phase pH results in the elution of chloride from the stationary 
phase of the anion resin, challenging the chloride limit in the steam generators. Chloride is 
incipient on the anion resin because di-chloromethyl ether is used in the manufacturing process, 
and regenerant sodium hydroxide is produced from the electrolysis of seawater (4). Since 
polisher operation is limited to HOH-form operation, and processed volume throughput in the 
HOH-form is a function of the concentration of chemicals in the polisher feed stream and the 
total exchange capacity of the resin, a ceiling is placed on secondary cycle treatment chemical 
concentration: it must be compatible with maintaining HOH-form operation for a given number of 
condensate polishers and the time it takes to complete a regeneration cycle. This ceiling on 
treatment chemical concentration has prevented plants with full-flow, deep-bed condensate 
polishing from achieving the low iron dissolution and transport rates observed in the rest of the 
industry by plants with fresh water ultimate heat sinks (5). This dissertation describes the work 
that resolved this problem of competing interests by devising a unique process to chemically 
configure and deploy the condensate polishers at Dominion’s Millstone Power Station in a 
configuration called amine-form operation. In a unique regeneration process, the anion resin 
stationary phase chloride content was reduced by two orders of magnitude, facilitating operation 
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past the point of exhaustion into the amine-form, with an attendant increase in treatment 
chemical concentration across the secondary cycle. The result was an 80% reduction in iron 
transport, continuous protection of the primary pressure boundary in the event of seawater 
ingress, significantly reduced costs in chemicals, staffing, and pipe replacement on the order of 
$1.3 MM per year, and an annual reduction of approximately 65,000 pounds in the mass of 
nitrogen-bearing compounds discharged into Long Island Sound. Though initially instituted at 
Dominion’s Millstone Units 2 and 3, this research has been successfully applied at Millstone’s 
sister plant in Virginia - Surry Power Station - with the technology offered to the rest of the U.S. 
Nuclear civilian industry by way of presentations made to the Electric Power Research Institute 
(EPRI) and the International Water Conference (IWC) (6,7,8,9,10).  
1.1 Objectives and Scope 
The purpose of this dissertation is to develop qualitative and quantitative insight on the 
behavior of standard gel-type ion exchange resins and implement a process to make the resins 
compatible with an alkaline pH that mitigates the corrosion and transport of ferrous material in 
the secondary cycle of a PWR. Fundamental equations of ion exchange were utilized to 
determine the permissible fraction of contaminants on the stationary phases of the resins that 
would complement the increase in treatment chemicals and pH needed to achieve the 
diminimus corrosion rate while adhering to contaminant concentration limits required to protect 
the pressure boundary of the nuclear reactor coolant system. These same equations were 
utilized to evaluate and devise a unique resin regeneration methodology, consisting of 
sequential treatments of the anion resins with sulfuric acid and sodium hydroxide that proved 
successful at near-complete removal of incipient contaminants from the stationary phase of the 
resins and accurately computed the contaminant concentration profile in the regenerant waste 
water. A rate law equation from literature was coupled to the fundamental ion exchange 
equations to predict resin mobile phase composition and concentration past the exhaustion 
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point for the treatment chemicals through equilibrium with the feed solution. This work consists 
of both an experimental and full scale implementation part. Bench scale experiments evaluated 
the efficacy of the unique resin regeneration process to remove contaminants from the 
stationary phase of the anion resin. The same test apparatus was used to convert a scaled-
down mixture of cation and anion resins to the amine-form and compare its response to a 
seawater intrusion with that of a resin charge configured in the traditional HOH-form. The 
experimentation concluded with the development of a rate constant equation derived by 
applying feed solutions of various concentrations to the resin mixture and examining the quality 
of the test column effluent until it equilibrated with the applied feed solution. This facilitated the 
ability to predict amine-form conversion behavior in the full scale application for a range of 
influent chemical content. Full scale implementation included the writing of operating procedures 
for the resin regeneration process and method of on-line conversion to the amine form, the 
procurement of specialty grade ultra-low chloride bulk sodium hydroxide (50% wt./wt.), the 
training of the Chemistry department staff and condensate polishing facility (CPF) operators, 
and the evaluation of the on-line performance. The first successful full scale deployment and on-
line conversion of resins to the amine form occurred in September 2004. As additional amine-
form polishers were placed in service, secondary cycle pH was elevated by increasing the 
concentration of treatment chemicals, and the rate of corrosion of ferrous material decreased 
accordingly. Data collected from the on-line conversions provided complementary information 
on the rate constant equation developed in the experimentation phase. This fundamental work 
is supplemented by the development of several mathematical models and correlations. These 
include a non-volatile material transport balance across the steam generator that provides a 
means of predicting bulk water impurity concentrations; an iterative method of computing pH 
and conductivity for a given solution composition and concentration; a volatility correlation that, 
for a fixed composition and concentration of secondary treatment chemicals in one stream, 
provides the same information for all other streams; a model of corrosion rate (as measured by 
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total iron concentration) that shows iron as a function of raw conductivity in the final feed water 
entering the steam generators; and an economic and environmental impact model that 
computes regeneration schedules, operating costs, and waste water nitrogen content. 
 
1.2 Background 
1.2.1 The Secondary Circuit 
Referring to Figure 1.1, the secondary circuit of a PWR consists of the steam generators, 
main steam reheaters, high and low pressure turbines, main condensers, low-pressure and 
high-pressure regenerative feed water heat exchangers, condensate polishers, main 
condensate pumps, steam-driven feed water pumps, forward drains, and associated piping. 
Heat energy from the nuclear fission process in the primary circuit is transferred to the 
secondary cycle through u-shaped tubes inside the steam generators. Saturated steam exits the 
steam generators and is directed to the high pressure turbine (HPT), connected by a single 
shaft to the low pressure turbines and the alternating current electricity generator. The main 
steam reheater (MSR) is used to transfer energy from the main steam header and extraction 
steam from two stages of the HPT to the steam exiting the high pressure turbine. From the 
MSR, the steam flows to the low pressure turbines (LPTs), and then undergoes a phase change 
to a liquid in the main condenser. Seawater, directed to the heat sink tubesheets, travels in a 
single pass through titanium tubes, removing the latent heat of condensation. The condensed 
liquid collects in hotwells, and is pumped through the steam packing exhauster (SPE), 
condensate polishers, and low pressure feed water heaters. Secondary treatment chemicals 
ethanolamine and hydrazine are injected at the common effluent of the condensate polishers. 
The water from the low pressure feed water heaters is combined with water from the heater 
drains tank, and directed through the last low pressure heater and to the suction of the main 
feed pump. The heater drains tank is the recipient of forward drains from the MSR and the shell 
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sides of the high pressure feed water heaters. The main feed pump sends the water, now called 
final feed water (FFW), through the high pressure first point heater, a feed-regulating valve, and 
into the steam generator. A constant flow of steam generator blow down (SGBD), less than 1% 
of the total steaming rate, is directed overboard, preventing non-volatile contaminants such as 
sodium and chloride from concentrating to values above specified action levels. The water lost 
from SGBD is replaced by high-purity make up water that is fed into the main condenser 
hotwells. Engine efficiency is optimized by maintaining the shell side of the main condenser at a 
pressure of about 1 PSIA; air and non-condensable gases are continuously removed by steam-
operated air ejectors (not shown), with a nominal off-gas flow rate of about 15 ft3 per minute. 
Table 1.1 is provided to show flow rate and temperature data from the various streams. 
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Figure 1.1 -- Secondary Circuit of a Pressurized Water Reactor 
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Stream Flow Rate, 
lb/hr 
Temperature, 
⁰F 
Steam Generator Blow Down 45,337 534 
Main Steam  11,858,739 534 
Main Condensate 8,593,747 80-110 
Hotwell Make Up 45,337 77 
Single Polisher 1,439,847 77 
Combined Polisher Effluent 8,639,084 77 
Heater Drains  3,264,992 337 
Final Feed Water  11,904,076 437 
 
Table 1.1 -- Secondary Cycle Stream Information 
 
1.2.2 Secondary Cycle Corrosion, pH, and Iron Transport 
The secondary cycle balance-of-plant (BOP) of a PWR is composed of all-ferrous 
material. General and erosion corrosion, both single- and two-phase, serve to degrade the BOP 
material, leading to pipe wall thinning and component wastage, and iron transport and 
deposition in the steam generators (11). The rate of corrosion is assessed by measuring the 
total (insoluble and soluble) iron concentration at various points in the secondary cycle. The final 
feed water sample stream is the most important since it describes the quality of the water 
entering the steam generators. Thinning pipe creates the potential for through-wall material 
failure, and an accompanying steam leak in the plant. The iron transported into the steam 
generators deposits on tube surfaces, at tube support interfaces, and at the top of the 
tubesheet, fouling heat transfer surfaces and leading to a reduction in steam generator pressure 
and plant power output (12). Heavy deposits in the u-tube free-span region can lead to steam 
generator level oscillations which can only be controlled by reducing the steaming rate, and, 
with it, plant electrical power output. By design, much like an evaporator, steam generators 
concentrate non-volatile impurities such as chloride and sodium that are transported in by the 
final feed water. Maintaining these parameters within specified concentration limits in the steam 
generator bulk fluid requires highly pure feed water and continuous removal of bulk fluid by a 
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process known as steam generator blow down. Iron deposits have been demonstrated to create 
an environment in steam generator crevices, of the type formed at the tube-to-tubesheet 
intersection and at tube support structures that promotes a localized chemical attack of the u-
tubes. In a phenomena referred to as “hideout,” dissolved ionic impurities in the bulk fluid diffuse 
into the porous iron deposits, and, by way of local thermal and hydraulic mechanisms that 
induce boiling, concentrate to very high, potentially molar levels. A sodium-heavy crevice 
solution promotes IGA/SCC while a chloride heavy solution promotes wastage (12, 13, 14, 15). 
Ethanolamine (ETA), NH2CH2CH2OH, a volatile, thermally stable, weak organic base is 
the chemical typically injected to the secondary cycle to maintain an alkaline pH which 
demonstrably reduces corrosion of ferrous materials. Hydrazine, H2NNH2, is also continuously 
added as a reducing agent and dissolved oxygen scavenger; a portion of the hydrazine 
thermally decomposes to ammonia, NH3. PWRs with salt or brackish water as the ultimate heat 
sink employ deep bed condensate polishers chemically configured in the HOH-form. This 
effectively places a ceiling on secondary cycle pH, as the cation resin becomes saturated with 
ethanolamine and gets removed from service before operation beyond the point of exhaustion. 
To operate past the amine break with conventionally treated anion resin means that incipient 
chloride from the manufacturing and regeneration processes gets eluted from the stationary 
phase into the mobile phase at the bed effluent as the ethanolamine concentration and, thus, 
the hydroxide ion concentration increases. Secondary cycle ethanolamine concentrations are 
limited to a level congruent with the exhaustion rate, the number of polishers in service, and the 
time it takes to complete the resin regeneration process. PWRs with fresh water as the ultimate 
heat sink are not similarly limited. These plants do not need deep bed polishers and are free to 
raise secondary cycle pH without restriction, resulting in final feed water total iron 
concentrations of less than 1 parts per billion (PPB) (11, 16, 17). For example, the typical PWR 
without deep bed polishers operates with a final feed water solution that contains about 7 parts 
9 
 
per million (PPM) ethanolamine, 6 PPM ammonia, and about 0.1 PPM hydrazine (11, 17). Since 
equivalency or normality is the language of ion exchange, pH, and conductivity, it is sometimes 
convenient to express plant parameters and resin performance in terms of conductivity, a 
simple, nearly-immutable measurement. The corresponding raw conductivity of the solution just 
described is about 23 micro Siemens per centimeter (µS/cm). By comparison, the final feed 
water raw conductivity of a plant with deep bed, HOH-form polishers is about 5 µS/cm, with a 
corresponding final feed water total iron concentration of about 4 PPB (11, 18). The desired end 
state for Millstone was to achieve comparable levels of conductivity and iron concentration while 
operating with full flow, deep bed condensate polishers. This would necessitate operating the 
polisher resins in the amine form, and that would require a substantial reduction in the incipient 
chloride content of the anion resin. The term “amine-form” refers to a polisher operated past the 
point of cation resin exhaustion on ethanolamine, ammonia, and hydrazine, at equilibrium with 
the chemical composition and concentration of the feed, or influent solution, namely, the main 
condensate.  
Figure 1.2, a simplified diagram of the secondary cycle, illustrates the initial plant 
conditions of pH, conductivity, ethanolamine concentration, and iron concentration that were 
present at key streams prior to the work described in this dissertation. The fluid temperatures 
across the secondary cycle range from 77 ⁰F to 534 ⁰F, and it is the pH at the actual operating 
temperature of the components that is of interest with respect to alkalinity. Therefore, pH is 
presented in the form of at-temperature pH, pH(T). Because alkalinity (and acidity) are 
referenced to a neutral pH, and the dissociation of water varies as a function of temperature, the 
neutral pH, pH(n) at the given stream is included in the diagram.  
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Figure 1.2 -- Simplified Secondary Cycle Diagram 
 
1.3 Design Parameters for Amine-Form Operation 
In order to determine the feasibility of operating with condensate polishers in the amine 
form, it was first necessary to define the parameters of performance, starting with the most 
limiting condition, found in the steam generator bulk fluid.  The steam generator chloride 
concentration limit is 5 PPB (11). The same value is true for steam generator sulfate, while the 
sodium limit is 3 PPB (11). Neither sulfate nor sodium was anticipated to be problematic. Steam 
generator chloride concentration would be limited to 4 PPB for amine-form operation to provide 
a buffer to the 5 PPB true limit. For the conditions of final feed water and steam generator blow 
down mass flow rates at 100% power, it can be shown that the limiting concentration for final 
feed water chloride coincident with the 4 PPB steam generator limit is approximately 0.020 PPB, 
or 20 parts per trillion. At Millstone, as in most PWRs, about 70% of the final feed water is 
comprised of the effluent of the condensate polishers. The remaining 30% comes from forward 
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drains which are free of non-volatile impurities. With the final feed water chloride concentration 
limited to 0.02 PPB, the condensate polisher combined effluent is limited to about 0.03 PPB.  As 
will be shown in detail in chapter 2, the chloride concentration on the effluent of a condensate 
polisher is a function of the chloride fraction on the stationary phase of the resin, the mobile 
phase hydroxide ion concentration, and the selectivity of the stationary phase for chloride with 
respect to hydroxide. The hydroxide ion concentration is determined by pH, which, in turn, is 
determined by the concentration of ethanolamine in the main condensate. Industry operating 
experience (OE) showed that in order to have 1 PPB iron in the final feed water, it would be 
necessary to increase the ethanolamine concentration at that point to a concentration of 4 PPM. 
Volatility data for ethanolamine applied to plant conditions of mass flow rate, temperature, and 
vapor-liquid distribution showed that a concentration of 4 PPM ethanolamine in the final feed 
water would yield a concentration of 2.5 PPM in the main condensate. The base properties of 
ethanolamine indicate that an ethanolamine concentration of 2.5 PPM would result in a mobile-
phase pH of 9.38 for operation in the amine-form.  By way of comparison, the mobile phase pH 
at the polisher effluent in HOH-form operation is 7, with a corresponding hydroxide ion 
concentration of 1E-07 moles/Liter (mol/L). At a pH of 9.38, the hydroxide ion concentration is 
about 2.4E-05 mol/L, 240-times greater than that observed in HOH-form operations. The 
manufacturer-supplied value of standard anion resin selectivity for chloride with respect to 
hydroxide is 22 @ 25 ⁰C, the nominal operating temperature of the main condensate (ref). It can 
be shown that in order to achieve a chloride concentration of 0.03 PPB at a hydroxide ion 
concentration of 2.4E-05 mol/L, the requisite chloride fraction on the stationary phase of the 
anion is limited to 0.00057. The best achievable to date with standard anion resins regenerated 
in the traditional manner is 0.05. The requisite two-orders-of-magnitude reduction in anion resin 
stationary phase chloride content was achieved in a unique manner: rather than the traditional 
method of anion resin regeneration with an 8% wt/wt solution of commercial grade sodium 
hydroxide, instead, the anion was first regenerated with a 10% wt/wt solution of sulfuric acid. 
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The divalent sulfate anion successfully eluted all chloride from the stationary phase. Following 
rinse-off of the sulfuric acid with demineralized water, the anion was then regenerated with a 
specialty grade of ultra-low chloride-bearing sodium hydroxide, diluted to 8% wt/wt, which fully 
removed the sulfate from the stationary phase and minimized chloride deposition. 
 
1.4 Condensate Polishing System 
1.4.1 Operating Parameters 
At Millstone Unit 2, seven 300 ft3 polisher vessels and eight, 200 ft3 resin charges are 
utilized for condensate polishing, with six polishers and resin charges in service, another in 
standby, and the eighth resin charge being regenerated. Millstone Unit 3 employs seven 
polishers and resin charges in service, with one in standby, and the ninth being regenerated. 
The bed depth, or resin column height inside each polisher vessel is four feet. The full flow of 
the main condensate is directed through the condensate polishing system, with a motor-
operated bypass valve available should a feed water flow transient require higher pressure to 
the suction of the main feed pumps. The nominal flow rate through each polisher is 3,000 GPM, 
approximately two bed volumes (BVs) per minute, with a line velocity of 0.13 feet per second 
delivered by a pressure head of 600 pounds per square inch.  
1.4.2 Condensate Polisher Vessel 
Figure 1.3 represents the internal components of a condensate polisher. The main 
condensate enters at the top and is directed to an inlet plenum that evenly distributes the water 
through the resin. The outlet laterals, composed of scintered wire mesh stainless steel, keep the 
resin inside the vessel, allowing the treated water to exit the vessel by way of an outlet plenum. 
The polisher vessel also contains components for removal of exhausted resin and transfer to 
the regeneration room, and for transferring cleaned or regenerated resin back into the vessel.   
13 
 
 
 
Figure 1.3 -- Internal View of a Condensate Polisher 
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1.4.3 Condensate Polishing Resin Transfer, Cleaning, Separation, and Regeneration 
In addition to placing polishers into and out of service, the primary function of the 
condensate polishing facility is to provide a means of transferring exhausted resins from an off-
service polisher to the regeneration room, cleaning, separating, and regenerating the resins, 
and returning the charge of resin back to the off-service polisher. The unique regeneration 
method for the anion resin is just one part of the process required to prepare a charge of resin 
for on-line conversion to the amine-form. While the focus is rightly on the anion resin because of 
its inherent chloride contamination, careful attention must be paid to avoid sodium 
contamination of the cation resin. A large volume of sodium hydroxide used for the final 
chemical conversion of the anion resin, and if a proper cleaning and separation of the resins is 
not performed, cation resin whole beads and fines present in the anion resin will get converted 
to the sodium-form during the caustic application. This sodium will be eluted from the cation 
resin during the on-line conversion to the amine-form. A proper separation is one that yields less 
than 0.1% cross-contamination of cation in anion. (Conversely, cross-contamination of anion in 
cation is not problematic as the anion will be converted to the sulfate form, which adheres 
strongly to the stationary phase of the resin at the pH conditions of amine-form operation.) To 
further minimize the impact of sodium-form cation resin, a technique was developed called 
“resin-on-resin soak,” whereby the as-yet unregenerated cation is mixed with the regenerated 
anion and left to soak together for a period of at least 8 hours. This is done to facilitate the 
adsorption of remnant sodium hydroxide from the anion resin onto the cation resin, to be 
subsequently removed during the cation resin regeneration process (7). 
The sequence of the entire process of preparing a resin charge for amine-form operation 
requires twenty distinct steps, conducted over three days. A description of each step with 
accompanying figures is provided next, and starts following the valve-in of the stand-by polisher 
for one in which the resin is considered to be exhausted. 
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Exhausted Resin Transfer 
Referring to Figure 1.4, the Sluice Pump takes water (stream 1) from the Recovered 
Water Tank, TK-9, and delivers it to the bottom (stream 2) and top (stream 3) of the off-service 
polisher vessel containing the exhausted resin charge. Forced air (stream 4) is supplied to the 
top of the polisher to assist in resin transfer. The fluidized or sluicable resin (stream 5) is 
transferred into the Cation Receiver and Regeneration Tank, TK-1. Wastewater from TK-1 is 
initially directed to Waste Neutralization Sump, TK-10 or 11 (stream 6). As corrosion products 
filter out of solution, the wastewater is diverted to the Recovered Water Sump, TK-12 (stream 
7). The Recovered Water Sump Pumps return the water to TK-9. The volume of TK-9 is 
augmented by station make-up water (stream 9). 
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Figure 1.4 -- Resin Transfer from Off-Service Polisher 
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Transfer of Regenerated Resin to Off-Service Polisher 
 
With the off-service polisher now empty, the regenerated, off-service resin charge gets 
transferred to that polisher to provide an immediate stand-by charge. Referring to Figure 1.5, 
the Sluice Pump takes water (stream 1) from TK-9, and delivers it to the underdrain retention 
elements of TK-3. Air (stream 2) is provided to the top and bottom of the Resin Storage Tank, 
TK-3, and, along with the sluicing water, transfers the resins from TK-3 to the polisher. Transfer 
water drains out of the polisher into TK-12 for reuse. 
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Figure 1.5 -- Transfer of Regenerated Resin Charge to the Off-Service Polisher 
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Resin Cleaning and Separation 
 
Cleaning of the resins is conducted by way of an air and water scrub that abrasively 
removes corrosion and wear products on the surfaces of the resins. Referring to Figure 1.6, 
after scrubbing the resin with air to loosen corrosion product debris, a high flow backwash 
(stream 1) is applied to the bottom of TK-1 by the Sluice Pumps, utilizing TK-9 as the water 
supply. Resin fines and corrosion products are directed to Waste Neutralization Sump TK-10/11 
(stream 2). The differences in the density and settling velocities of each type of resin results in 
separation, with the heavier cation settling at the bottom of the vessel and the anion sitting on 
top of the cation. Operators qualitatively assess the cleanliness of the resins, and, if necessary 
conduct additional air and water scrubs and backwashes. 
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Figure 1.6 -- Resin Backwash and Separation 
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First Separation of Cation from Anion 
Since the industry standard is to not apply acid to the anion resins, the acid application 
components are confined and aligned to the Cation Resin Regeneration Tank. In order to apply 
sulfuric acid to the anion resin, the cation resin must be transferred out to lower the resin height, 
placing the top of the anion resin below the acid inlet distributor plate. Referring to Figure 1.7, 
sluice water (stream 1) enters the bottom of TK-1 while air (stream 2) is applied to the top. 
Cation resin is transferred out of the bottom of TK-1 and into TK-3 (stream 3). Water from the 
transfer process drains out of TK-3 into TK-10/11 (stream 4). 
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Figure 1.7 -- First Separation of Cation from Anion 
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Anion Resin Regeneration with Sulfuric Acid 
This is the unique step of the process that uses sulfuric acid as the regenerant for the 
anion resins. Because a large portion (> 50%) of the anion resin is expected to be in the 
hydroxide form, this step begins by completely filling TK-1 with demineralized water. This 
provides a heat sink for the exothermic reaction between the acid and the base. Referring to 
Figure 1.8, 93% wt./wt. sulfuric acid is transferred to a day tank (stream 1). The acid regenerant 
pump takes suction on the day tank and delivers the product to a mixing tee (stream 2). At the 
mixing tee, demineralized water (stream 3) is introduced at a rate necessary to produce an 
approximate 14% wt./wt. solution of sulfuric acid (stream 4). The regenerant solution enters TK-
1, gets distributed evenly across the top of the anion resin, flows downward through the resin, 
and into TK-10/11 (stream 5).  The dilute acid is applied for about 70 minutes at a total 
regenerant flow rate of about 40 gallons per minute (GPM). Approximately 196 gallons of bulk 
acid is used. Thereafter, the regenerant pump is secured and demineralized water continues to 
be applied until five anion resin bed volumes have been processed. Upon the conclusion of this 
acid displacement step, air is supplied to the top of TK-1 (stream 6) to pressurize and drain the 
large volume of water through the resin, enhancing the removal of remnant regenerant sulfuric 
acid. Demineralized water continues to be applied until the conductivity of the waste water 
exiting TK-1 drops below 10 uS/cm.  
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Figure 1.8 -- Anion Resin Regeneration with Sulfuric Acid 
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Transfer of Cation from TK-3 to TK-1 
With the anion resin having been regenerated with sulfuric acid and rinsed, the next step 
is to prepare it for regeneration with sodium hydroxide. This requires transferring the cation 
resin from TK-3 back into TK-1 as a prelude to another separation of the mixed charge. The 
cation is needed to position the anion resin for subsequent transfer to the Anion Resin 
Regeneration Tank. Referring to Figure 1.9, a low flow of sluice water is supplied to TK-3 by the 
Sluice Pumps utilizing TK-9 as the water source (stream 1). Forced air (stream 2) is applied to 
the top of TK-3. A valve located in the resin transfer line at the bottom of TK-3 is opened, 
allowing the entire volume of cation resin to be transferred from TK-3 into TK-1 (stream 3). 
Excess water is drained from the resin in TK-1 and directed to Waste Neutralization Sump TK-
10/11 (stream 4).  
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Figure 1.9 -- Transfer of Cation from TK-3 to TK-1 
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Second Resin Separation in TK-1 
With the clean, unregenerated cation resin back in TK-1, separation is achieved by a 
high volumetric flow rate backwash. Referring to Figure 1.10, a high flow rate backwash (stream 
1) is applied to the bottom of TK-1 by the Sluice Pumps, utilizing TK-9 as the water supply. 
Once TK-1 is full, waste water is directed to TK-10/11 (stream 2). The flow rate is reduced 
allowing the resins to settle, with the anion sitting on top of the cation, with the interface 
between the two located at the resin outlet line to the Anion Resin Regeneration Tank.  
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Figure 1.10 -- Second Resin Separation in TK-1 
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Transfer of Anion to the Anion Resin Regeneration Tank 
Referring to Figure 1.11, a low flow backwash is supplied to TK-1 by the Sluice Pumps 
utilizing TK-9 as the water source (stream 1). Forced air (stream 2) is applied to the top of TK-1. 
A valve located in the anion resin transfer line is opened, allowing the slurry of anion resin 
(stream 3) to be transferred from TK-1 into TK-2. Excess water is drained from the resin in TK-2 
and directed to the Recovered Water Sump. 
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Figure 1.11 -- Transfer of Anion to Anion Regeneration Tank 
 
 
 
 
 
 
 
 
 
 
 
 
24 
 
Anion Resin Regeneration with Sodium Hydroxide 
 
This step begins by completely filling TK-2 with demineralized water. In this application, 
the water is not needed as a heat sink; rather it will be used as a rinse volume. Referring to 
Figure 1.12, 50% wt./wt. ultra-low chloride sodium hydroxide is transferred to a day tank (stream 
1). The caustic regenerant pump takes suction on the day tank and delivers the product to a 
mixing tee (stream 2). At the mixing tee, demineralized water (stream 3) is introduced at a rate 
necessary to produce an approximate 8% wt./wt. solution of sodium hydroxide (stream 4). The 
regenerant solution enters TK-2, gets distributed evenly across the top of the anion resin, flows 
downward through the resin, and into TK-10/11 (stream 5).  The dilute caustic is applied for 
about 300 minutes at a total regenerant flow rate of about 40 gallons per minute (GPM). 
Approximately 800 gallons of bulk caustic is used. Thereafter, the regenerant pump is secured 
and demineralized water continues to be applied until five anion resin bed volumes have been 
processed. Upon the conclusion of this acid displacement step, air is supplied to the top of TK-2 
(stream 6) to pressurize and drain the large volume of water through the resin, enhancing the 
removal of remnant regenerant sodium hydroxide. Demineralized water continues to be applied 
until the conductivity of the waste water exiting TK-2 drops below 10 uS/cm.  
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Figure 1.12 -- Anion Resin Regeneration with Sodium Hydroxide 
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Transfer of Anion Resin from TK-2 to TK-3 
 
The regenerated and rinsed anion resin is now transferred from TK-2 to TK-3 where it 
will subsequently be joined by the unregenerated cation is TK-1. The anion is transferred first to 
allow remnant sodium hydroxide to be directed to the waste neutralization sump. Referring to 
Figure 1.13, sluicing water is supplied by TK-9 to the sluice pumps and is delivered to the 
underdrain retention elements in TK-2 (stream 1). Pressurized air is supplied to the top of TK-2 
(stream 2) and the TK-2 resin outlet valve is opened, permitting the transfer of anion to TK-3 
(stream 3). The water draining from TK-3 during the transfer is directed to TK-10/11 (stream 4). 
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Figure 1.13 -- Anion Resin Transfer from TK-2 to TK-3 
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Cation Resin Transfer from TK-1 to TK-3 
Referring to Figure 1.14, sluicing water is supplied by TK-9 to the sluice pumps and is 
delivered to the underdrain retention elements in TK-1 (stream 1). Pressurized air is supplied to 
the top of TK-1 (stream 2) and the TK-1 resin outlet valve is opened, permitting the transfer of 
cation to TK-3 (stream 3). The water draining from TK-3 during the transfer is directed to TK-
10/11 (stream 4). 
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Figure 1.14 -- Cation Resin Transfer from TK-1 to TK-3 
 
 
 
 
28 
 
Resin Mixing and Resin-On-Resin Soak 
The cation and anion resins in TK-3 are now mixed with a blend of demineralized water 
and air. Referring to Figure 1.15, water from TK-9 is supplied to the sluicing pump (stream 1) 
and directed to the underdrain retention elements of TK-3. Air is added to the sluice water 
(stream 2) to provide mixing of the resins in TK-3, which is vented. The mixing is secured after 
twenty minutes, and the resins are left to soak for at least 8 hours. 
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Figure 1.15 -- Resin Mixing in TK-3 
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Mixed Resin Transfer from TK-3 to TK-1 
With the soak period completed, the mixed resins are transferred from TK-3 to TK-1 in 
advance of the third resin separation and regeneration of the cation resin. Referring to Figure 
1.16, water from TK-9 (stream 1) is supplied to the sluice pump and directed to the underdrain 
retention elements of TK-3. Air (stream 2) is provided to the top of TK-3 and the resins are 
transferred to TK-1 (stream 3). Transfer water is drained from TK-1 into TK-10/11 (stream 4). 
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Figure 1.16 -- Resin Transfer from TK-3 to TK-1 
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Third Resin Separation in TK-1 
As before, separation is achieved by a high volumetric flow rate backwash. Referring to 
Figure 1.17, a high flow rate backwash (stream 1) is applied to the bottom of TK-1 by the Sluice 
Pumps, utilizing TK-9 as the water supply. Once TK-1 is full, overflow water is directed to TK-
10/11 (stream 2). The flow rate is reduced allowing the resins to settle, with the anion sitting on 
top of the cation, aligned with the resin outlet line to TK-2. 
TK-10/11
TK-9
TK-1
Sluice PP
ANION
CATION
1
2
 
Figure 1.17 -- Third Resin Separation in TK-1 
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Transfer of Anion Resin from TK-1 to TK-2 
Referring to Figure 1.18, a low flow backwash is supplied to TK-1 by the Sluice Pumps 
utilizing TK-9 as the water source (stream 1). Forced air (stream 2) is applied to the top of TK-1. 
A valve located in the anion resin transfer line is opened, allowing the slurry of anion resin 
(stream 3) to be transferred from TK-1 into TK-2. Excess water is drained from the resin in TK-2 
and directed to the Recovered Water Sump. 
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Figure 1.18 -- Transfer of Anion Resin from TK-1 to TK-2 
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Acid Application to Cation Resin 
In this step the cation resin gets regenerated with sulfuric acid, which elutes stationary 
phase constituents such as sodium, replacing them with the hydrogen ion. Referring to Figure 
1.19, 93% wt./wt. sulfuric acid is transferred to a day tank (stream 1). The acid regenerant pump 
takes suction on the day tank and delivers the product to a mixing tee (stream 2). At the mixing 
tee, demineralized water (stream 3) is introduced at a rate necessary to produce an 
approximate 10% wt./wt. solution of sulfuric acid (stream 4). The regenerant solution enters TK-
1, gets distributed evenly across the top of the cation resin, flows downward through the resin, 
and into TK-10/11 (stream 5).  The dilute acid is applied for about 70 minutes at a total 
regenerant flow rate of about 40 gallons per minute (GPM). Approximately 196 gallons of bulk 
acid is used. Thereafter, the regenerant pump is secured and demineralized water continues to 
be applied until five cation resin bed volumes have been processed. Upon the conclusion of this 
acid displacement step, air is supplied to the top of TK-1 (stream 6) to pressurize and drain the 
large volume of water through the resin, enhancing the removal of remnant regenerant sulfuric 
acid. Demineralized water continues to be applied until the conductivity of the waste water 
exiting TK-1 drops below 10 uS/cm.  
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Figure 1.19 -- Cation Resin Regeneration with Sulfuric Acid 
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Final Cation Resin Transfer from TK-1 to TK-3 
Upon completion of the cation resin regeneration and rinse, the cation resin is 
transferred from TK-1 to TK-3 in preparation for the final mix and rinse. Referring to Figure 1.20, 
sluice water (stream 1) enters the bottom of TK-1 while air (stream 2) is applied to the top. 
Cation resin is transferred out of the bottom of TK-1 and into TK-3 (stream 3). Water from the 
transfer process drains out of TK-3 into TK-10/11 (stream 4). 
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Figure 1.20 -- Final Transfer of Cation Resin from TK-1 to TK-3 
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Final Anion Resin Transfer from TK-2 to TK-3 
The regenerated anion resin is transferred from TK-2 to TK-3, joining the regenerated 
cation resin. Referring to Figure 1.21, sluicing water is supplied by TK-9 to the sluice pumps and 
is delivered to the underdrain retention elements in TK-2 (stream 1). Pressurized air is supplied 
to the top of TK-2 (stream 2) and the TK-2 resin outlet valve is opened, permitting the transfer of 
anion to TK-3 (stream 3). The water draining from TK-3 during the transfer is directed to TK-
10/11 (stream 4). 
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Figure 1.21 -- Final Transfer of Anion Resin from TK-2 to TK-3 
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Final Resin Mixing in TK-3 
The cation and anion resins in TK-3 are mixed for the final time with a blend of 
demineralized water and air. Referring to Figure 1.22, water from TK-9 is supplied to the sluicing 
pump (stream 1) and directed to the underdrain retention elements of TK-3. Air is added to the 
sluice water (stream 2) to provide mixing of the resins in TK-3, which is vented. The mixing is 
secured after twenty minutes, with the charge now ready for a final rinse. 
TK-9
TK-1
Sluice PP
EMPTY
1
Mixed
TK-3
Air
2
Vent
TK-2
EMPTY
 
Figure 1.22 -- Resin Mixing in TK-3 
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Final Rinse of Regenerated Resins in TK-3 
Referring to Figure 1.23, demineralized water from TK-9 (stream 1) is provided to the top 
of TK-3 by the sluice pump, traverses downward through the regenerated mixed resin charge, 
and gets directed to TK-10/11. After five bed volumes have passed through, the rinse is 
secured. The resin charge is now ready for transfer to an off-service, empty polisher. 
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Figure 1.23 -- Final Rinse of Regenerated Resins 
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Chapter 2: Ion Exchange Processes in PWRs: Theory and Literature Review 
2.1 Review of Industry Condensate Polishing Systems and Configurations 
Deep bed condensate polishing ion exchangers have typically been utilized in the 
industry for the purpose of providing protection to the steam generators in the event of a leak of 
the ultimate heat sink into the main condensate fluid. Ultimate heat sinks composed of salt or 
brackish water are especially problematic owing to high dissolved contaminant concentrations. 
Recirculation steam generators (RSG) are more vulnerable to contaminants than the once-
through steam generator (OTSG) design used mostly by PWR nuclear power plants outside of 
the United States (four plants are OTSG in the U.S.) because of the large concentrating factor 
for non-volatile contaminants in the bulk steam generator fluid. The resins used in these 
condensate polishers – a mixture of strong acid cation and strong base anion – have 
traditionally been operated in the HOH form. That is, with a hydrogen ion (H+) attached to the 
cation resin’s stationary phase exchange group, and a hydroxide ion (OH-) attached to the 
anion resin’s exchange group. Any ingress of salt contaminants, e.g., sodium chloride, or 
sodium sulfate, would be adsorbed by the stationary phase of the resins, undergo exchange 
with its counter ion, and be replaced in the liquid phase by an equivalent amount of water.  
One of the drawbacks to HOH polisher operation is that the resins are unable to 
distinguish between undesirable chemicals in solution and those intentionally injected for the 
purpose of secondary cycle pH control. For example, ethanolamine, a volatile, weak base used 
by many utilities, is completely ionized by the strongly acidic and basic resins, removed from the 
liquid phase, and replaced by water. This requires a continuous injection of ethanolamine at the 
polisher outlet to replace the adsorbed chemical. Furthermore, since the ion exchange resins 
exhibit a marginally higher selectivity for the secondary cycle amine than for the salts, it is 
common practice to remove the polisher from service when the stationary phase becomes 
saturated with the amine. The cation resin is then regenerated with sulfuric acid, restoring the 
39 
 
H+ inventory to the functional groups, and placing it in the presumed most optimum condition for 
salt removal. This results in the generation of appreciable amounts of nitrogen-bearing 
wastewater. In the absence of condenser in-leakage, most of the load on the anion resin comes 
from bicarbonate and carbonate ions originating from carbon dioxide dissolved in the main 
condensate. The relatively low concentration of these compounds allows utilities to skip anion 
resin regenerations; typically, one anion resin regeneration is performed for every ten cation 
resin regeneration cycles. Even so, the chemical used for anion resin regeneration – sodium 
hydroxide – is used to neutralize the acidic wastewater resulting from the cation resin 
regeneration. 
Beside the large chemical demand and wastewater generation and processing costs, 
HOH form operation of the condensate polishers places a ceiling on the allowable concentration 
of the secondary cycle pH-controlling agent and, ultimately, on a utility’s ability to minimize the 
generation and transport of  corrosion products. This ceiling results from the logistical limitations 
of maintaining hundreds of cubic feet of ion exchange resins with a fixed total exchange 
capacity, deployed in numerous polisher vessels, in the requisite H-OH chemical form. 
One approach taken to address this problem is to limit the use of condensate polishing 
to plant start up, and then configure the system in a “float” mode during full power, steady-state 
operations. The float configuration consists of leaving the individual polisher flow isolation 
valves open, and fully opening the system bypass valve. In the event of a condenser leak, the 
remotely operated motor controlled system bypass valve is closed, deploying the polishers. 
However, industry OE has shown that, even with a modest ingress of high TDS fluid and fast 
operator action, it may not be possible to avoid high concentrations of steam generator 
contaminant control parameters, necessitating an unplanned plant shutdown. A test conducted 
at the Millstone Simulator showed that it took approximately five minutes from the time of receipt 
of a high salinity alarm until full closure of the condensate polishing system bypass valve. 
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Another consideration regarding the bypass of condensate polishers is that doing so removes 
the mechanical filtration component provided by the resins. This is a considerable asset, 
particularly for plants not equipped with condensate filters. Regardless of the amine 
concentration and pH, there will always be a significant amount of two-phase erosion corrosion 
products generated in the main condenser (5). Deep bed condensate polishing resins have 
exhibited an ability to filter out a high fraction of corrosion and wear products originating from 
the main condensate, preventing transport into the steam generators (19). 
Millstone attempted to address the competing goals of high pH and HOH form operation 
by evaluating cation resins with higher-than-normal exchange capacities. While the tested 
resins were successful at delivering the manufactured increase in capacity, the increase itself 
was modest, on the order of 20%. To maintain HOH form operation and achieve the levels of 
final feed water iron transport realized at plants with condensate filters and no pH limitations 
would require an essential doubling of the manufactured capacity of the cation resin. Doing so 
would render the copolymer backbone unstable and unusable in a process stream. One plant 
instituted a costly modification of its condensate polishing system to incorporate lead cation 
beds in front of its mixed beds (1). The lead cation beds were used solely to adsorb 
ethanolamine, leaving the mixed beds to address any contaminant introduction form a 
condenser tube leak. This enabled the plant to modestly increase the ethanolamine 
concentration of its secondary plant, but not the need to regenerate the resins in the lead cation 
beds, nor the chemical and waste water treatment costs. Other plants have taken an approach 
somewhat similar to lead cation beds: increasing the amount of cation resin used in the mixed 
bed polisher. The typical blend used by these plants is three parts by volume cation resin to one 
part by volume anion resin (17, 20). While doing so facilitates an increase in secondary cycle 
ethanolamine concentration, it is done at the expense of the anion resin, and, with it, the 
polishers’ ability to mitigate a salt water intrusion. At least two plants in the industry utilizing this 
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3:1 cation: anion volume ratio experienced ultimate heat sink contaminant ingresses of a 
magnitude that exhausted the exchange capacity of the anion resins well before that of the 
cation resins. The cation resin continued to exchange H+, which combined with chloride and 
sulfate from the exhausted anion resins, resulting in a highly acidic pH at the polisher effluent. 
These conditions not only provided a pathway for impurity transport to the steam generators, but 
also wreaked havoc with iron transport. 
These considerations led Millstone to pursue the avenue of amine form operation of the 
condensate polishers. Other-than-HOH form operation of ion exchange resins is a familiar 
concept for PWRs in the U.S. nuclear industry. The reactor coolant system of a typical PWR 
utilizes a coordinated boric acid-lithium hydroxide chemical control regimen to provide an 
alkaline pH at standard operating temperature (about 587 °F). A small portion of the reactor 
coolant is continuously “let down,” cooled and depressurized, then directed through a mixed bed 
ion exchanger that contains cation in the lithium form and anion in the borate form. The ion 
exchanger effluent gets directed to a hydrogenated volume control tank, and then returned to 
the reactor coolant system. The function of this let down ion exchanger is to purify the reactor 
coolant, remove impurities that could be introduced by the daily dilutions with plant makeup 
water used to maintain reactor coolant boron concentration in the requisite band, and to do so 
without altering the boron and lithium concentrations of the reactor coolant. In an interesting 
phenomenological turn of strong base – weak acid reaction kinetics, the alkaline pH of the 
reactor coolant system at operating temperature is rendered near-neutral at the relatively low 
temperature of the let down system (about 90 °F). The typical reactor coolant system volume is 
63,000 gallons @ STP, and the let down flow rate is about 40 gallons per minute. There is not 
much of an analogy between the reactor coolant / let down purification system, and the system 
comprising recirculation steam generator / amine-form condensate polishing. The former 
involves pH-neutral slipstream treatment of a purely single-phase component with no 
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concentrating mechanism. The latter consists of treatment of a highly alkaline stream that 
constitutes about 70% of the feed water into a two-phase boiler with an approximate 200-times 
concentrating factor. Accordingly, the stationary phase impurity content requirements for the let 
down ion exchanger resins are not as strict as those for condensate polishing resins intended to 
be operated in the high-amine / high-pH environment of amine form.  
Although no U.S. PWR with recirculating steam generators has ever operated its 
condensate polishers in the amine-form, there are examples in the fossil generation industry 
and in OTSG nuclear units in which condensate polishers were operated in the ammonia form. 
Ammonia is the preferred treatment chemical of the fossil industry as organic amines tend to 
decompose at the elevated operating temperature of fossil-fired plants, generating short-
chained organic acid anions that contribute to cation conductivity (21). Cation conductivity is a 
measurement of the conductivity of a sample stream after it has been processed through a 
column bearing H+ form cation resin. This converts anions in the stream to the acid form while 
lowering the background of the raw conductivity. Essentially, cation conductivity is an indicator 
of anions in solution. The most common type of boiler used in fossil-fired power stations is the 
steam drum boiler. Feed water enters at the bottom (feed drum) and is directed through tubes 
toward the steam drum, located at the top of the component. The steam drum acts as a boiler to 
generate saturated steam. The feed water flowing through the tubes and the steam drum are 
heated by combustion gases, as is the super-heater, located on the outlet of the steam drum. 
The saturated steam exiting the steam drum gets directed through the tube side of the super-
heater, where it becomes super-heated by the combustion gases. Thereafter, the super-heated 
steam is directed to the main turbine for electricity generation. Steam exiting the main turbine is 
directed to the main condenser, where the ultimate heat sink provides the latent heat of 
condensation necessary to induce a phase change to liquid. The liquid water is then returned to 
the steam drum boiler.  Non-volatile contaminants will concentrate in the steam drum due to the 
43 
 
boiling, but contaminant concentration limits in the steam drum are not employed. Rather, 
impurity limits are applied to the final feed water entering the steam drum boiler, with target 
values of 3 parts per billion for sodium, and 0.15 uS/cm cation conductivity (21, 22). Using 
seawater as a basis, it can be shown that a cation conductivity of 0.15 uS/cm corresponds to a 
combined chloride concentration of about 7 parts per billion, and a sulfate concentration of 
about 1 part per billion (23). These values are approximately three orders-of-magnitude higher 
than could be tolerated in a PWR with RSGs. While this dissertation did not attempt to quantify 
the number of fossil-fired stations that utilize full flow, deep bed condensate polishing, a survey 
of information provided by the Electric Power Research Institute (EPRI) indicates that polishers 
are utilized during plant startups to immediately provide higher-quality feed water, and during 
periods of main condenser tube degradation or failure. In general, those plants with condensate 
polishers operate them in the HOH-form. Given the relatively lax standards for final feed water 
impurity content, it was not surprising to find that several fossil-fired plants with drum boilers 
have operated with condensate polishers in the ammonia form. Two examples come from 
Australia: the Tarong Power Station and the Stanwell Power Station. These coal-fired boiler 
plants have periodically operated condensate polishers in the ammonia form at a mobile-phase 
pH comparable to that of Millstone. Typical effluent concentrations were 0.2 – 0.6 PPB sodium, 
0.2 – 1 PPB chloride, and about 0.2 PPB sulfate (24). These are low values by fossil generation 
standards, but still 100 – 200 times too high for application at a PWR with RSGs. 
The OTSG is a vertical shell, counter-flow, straight-tube heat exchanger design that 
generates superheated steam as the feed water flows through the steam generator in a single 
pass. In fossil-fired plants, the feed water flows through the tube side and combustion gases 
provide the heat source. In nuclear power plants, reactor coolant enters at the top and flows 
through the tubes while feed water flows through the shell side. By design, there is no pure bulk 
steam generator fluid, nor a system for steam generator blow down. The turbine generator 
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system is similar to that of PWRs with RSGs, described in Chapter 1. Steam exiting the OTSGs 
is directed to a high pressure turbine, followed by a moisture drains separator, then to the low 
pressure turbines. Fossil-fired plants with OTSGs use the same final feed water impurity limits 
as steam drum boilers. On the nuclear power side, PWRs with OTSGs limit the concentration of 
contaminants in the final feed water to 1 PPB sodium, 3 PPB chloride, and 1 PPB sulfate, 
values that are comparable to fossil-fired plant limits (11).  At least four fossil-fired plants with 
OTSGs have operated with condensate polishers in the ammonia form: Mohave Power Station 
in the U.S.; Aghda Generating Station and Moneypoint Generating Station in Ireland; and 
Matimba Power Plant in South Africa (25, 26, 27, 28, 29). Two nuclear power plants with 
OTSGs have operated condensate polishers in other-than-HOH-form mode: Point Lepreau in 
Canada; and Oldbury-on-Severn Nuclear Power Station in the U.K (30). Both stations operated 
polishers in the morpholine form. Morpholine is a heterocyclic amine used for pH elevation with 
the chemical formula O(CH2CH2)2NH. The fossil-fired plants with OTSGs reported polisher 
effluent quality in the range of 0.13 – 0.6 PPB sodium, 0.2 – 0.3 PPB chloride, and 0.1 – 0.6 
PPB sulfate (25, 26, 27, 28). Comparable values were reported by the nuclear power plants with 
OTSGs (30, 31). Again, these concentrations are not compatible with the more restrictive values 
of PWRs with RSGs. 
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2.2 Physical and Chemical Properties of Ion Exchange Resins 
Ion exchange resins employed in PWRs are mediums for liquid-solid separation 
consisting of copolymers of vinyl benzene (styrene) and divinyl benzene. Polymerization of 
styrene creates a long chain; the addition of divinylbenzene cross-links provides three-
dimensional spherical structure and rigidity (4). Subsequent addition of functional groups to the 
benzene rings determines the type and exchange capacity of the resins. The degree of cross-
linking depends on the ratio of styrene to divinyl benzene. Cross-linking of 8% is standard for 
the resins employed by the industry (4, 17, 20, 32). This amount has proven to endow the resins 
with sufficient insolubility and toughness, along with physical and chemical properties that 
optimize ion exchange and performance. Cross-linking determines the hydrophilicity of the 
structure, and, thus, its volume, pore size, the amount of functionalization, and the ability of 
mobile-phase ions to access the exchange sites. The standard types of resins used in the 
industry for condensate polishing are referred to as gel-type, with micropores that range in size 
from 0.5 – 20 nanometers (nm).  Referring to Figure 2.1, functionalization of the copolymer 
backbone with sulfonic acid yields cation resin in the hydrogen form; the negatively-charged 
functional group ionically bonds with positively-charged cations in solution, exchanging 
stationary phase (hydrogen) ions for those in the mobile phase (4). In the case of anion resin, 
shown in Figure 2.2, the copolymer backbone is functionalized first by chloromethylation, 
followed by reaction with a quaternary amine, providing a positive charge to the functional group 
that attracts negatively charged ions in the aqueous phase (4). Because of the 
chloromethylation step, the anion resin stationary phase is initially in the chloride form; it must 
be regenerated with sodium hydroxide to place it in the preferred hydroxide form.  
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Figure 2.1 – Cation Resin Polymerization and Functionalization 
 
 
Figure 2.2 – Anion Resin Functionalization 
 
Cation resins are denser, and have a higher manufactured exchange capacity than 
anion resins. Exchange capacity is expressed in units of equivalents per liter. The standard 
industry cation resin has a typical manufactured capacity of about 2 equivalents per liter; for 
standard anion resin it is about 1.3 equivalents per liter (17, 32). The resin bead diameters are 
generally uniform within each type: about 650 microns for cation and about 550 microns for 
anion. The two types of resins are generally deployed as a homogeneous mixture with a volume 
to volume ratio that provides a one to one equivalency ratio. That is, three parts anion by 
volume and two parts cation. This is an important consideration for plants with a salt water 
ultimate heat sink as it prevents a strongly acidic or basic effluent pH in the event of resin 
exhaustion during a main condenser tube leak.  Ion exchange resins, deployed in service 
vessels that are sometimes referred to as demineralizers (DEMINS), ion exchangers (IXers), or 
polishers, normally have a bed, or column depth of at least four feet for the purposes of 
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minimizing kinetic leakage of influent impurities and maximizing mechanical filtration capabilities 
(19). The ion exchange reaction occurs immediately, limited only by transport phenomena of the 
type exhibited by flow through a packed column of porous media. For the ion exchange reaction 
to occur, ions in solution must diffuse through the transport-limiting film that surrounds the 
spherical bead, enter a pore, and locate a functional group. Thus, kinetic leakage refers to the 
fraction of mobile phase ions that do not engage in the ion exchange process due to the 
aforementioned barriers. Instead, these ions pass through the column into the effluent stream. 
The deeper the depth of the column of resin at the onset of a condenser tube leak, the higher 
the removal efficiency and the lower the kinetic leakage (33, 34). As shown in Equation 2.1, 
pressure drop across a polisher is well-described by the Ergun equation for flow through a 
packed bed (35). Ergun shows that differential pressure is a function of column length, fluid 
viscosity and density (both temperature-dependent), fluid velocity, and two properties of the 
resins: the mean particle diameter and void fraction. The void fraction of the column – also 
known as porosity -- is the volume of the bed that is unoccupied by resin beads. That is, the 
volume of space divided by the volume of resin. The industry standard value for void fraction is 
0.35 (17). Figure 2.3 illustrates the pressure drop across the Millstone condensate polishing 
resins computed by the Ergun equation as a function of water temperature and a void fraction of 
0.35. Figure 2.4 shows pressure drop as a function of void fraction. (These figures are exclusive 
of the pressure drop across the resin inlet distributor and underdrain retention elements, which, 
at standard operating conditions, add about 20 – 25 PSI to the polisher total differential 
pressure.) 
∆𝑃𝑃
𝐿𝐿𝑏𝑏
= 150∗(1−𝜀𝜀)2∗𝜇𝜇∗𝑣𝑣𝑜𝑜
𝐷𝐷𝑃𝑃
2∗𝜀𝜀3
+ 1.75∗(1−𝜀𝜀)∗𝜌𝜌∗𝑣𝑣𝑜𝑜2
𝐷𝐷∗𝜀𝜀3
                          Equation 2.1 (Ergun Equation) 
with 
∆P = pressure drop, pounds per square inch 
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Lb = height of resin, feet 
µ = fluid viscosity, pounds mass per feet-seconds 
vo = superficial velocity, feet per second 
ρ = density of fluid, pounds mass per cubic feet 
DP = resin diameter, feet 
ε = resin void fraction, unit-less 
 
According to Ergun, the first term on the right hand side of the equality sign is related to 
particle properties, while the second term is associated with fluid properties. 
 
Figure 2.3 – Ergun Equation: Pressure Drop as a Function of Water Temperature 
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Figure 2.4 – Ergun Equation: Pressure Drop as a Function of Resin Bed Void Fraction 
 
The pressure drop across the condensate polishing system is a critical plant parameter, 
as a high differential pressure is capable of lowering the net positive suction head to the main 
feed pumps. A loss of a main feed pump due to low suction pressure will cause steam generator 
level to decrease, possibly resulting in a manual or automatic shutdown of the nuclear reactor. 
Condensate polishing system differential pressure, inclusive of the inlet distributors and 
retention elements, is limited to 65 PSI. Seasonal changes in the temperature of the ultimate 
heat sink will affect the temperature of the main condensate fluid, thereby changing viscosity 
and density, and with it, the pressure drop across the polisher resins. These seasonal 
temperature changes are predictive, as is the effect on pressure drop, and do not challenge the 
suction pressure of the main feed pumps. A similar predictability exists with respect to resin bed 
void fraction for polishers operated in the HOH-form. The pH and oxidation-reduction potential 
of the secondary plant fluids are such that ferrous corrosion products are rendered completely 
insoluble, and have a particle size that exceeds 100 nm, well above the pore size range of the 
gel resins (36). While some deposition of the iron occurs on the bead surfaces, empirical 
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observations indicate that most of the insoluble iron gets trapped in the void volume, and works 
its way down through the resin bed. The four-foot depth of the resin charge allows the resin 
charge to retain most of the iron, making the resins effective mechanical filters of corrosion 
products. Figure 2.5 shows Millstone plant data during HOH-form operation for main 
condensate iron concentration, the iron concentration at the common effluent of the condensate 
polishers, and the removal efficiency for iron exhibited by the polishers. Figure 2.6 shows 
system pressure drop during the same period. Figure 2.5 demonstrates the efficacy of the 
polishers to remove insoluble corrosion products from the main condensate fluid, with removal 
efficiency values typically above 97%. Figure 2.6 shows that this removal efficiency can be 
achieved without affecting system differential pressure; that is, resin void fraction is not 
changing. The minor variations in system pressure drop are attributable to seasonal 
temperature changes in the ultimate heat sink. 
 
Figure 2.5 – Insoluble Corrosion Product Removal by the Condensate Polishers 
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Figure 2.6 – Condensate Polishing System Differential Pressure 
 
The reason the resin void fraction is not noticeably affected during HOH-form operations 
is that the typical resin charge service time is about ten days. There is not sufficient time to 
appreciably fill the resin voids with insoluble material. Amine-form operation of the polishers 
represents a new paradigm with respect to void fraction, as polishers are expected to remain in 
service for several months. As demonstrated in Figure 2.4, any significant reduction in void 
fraction is to be avoided as it will cause the differential pressure to increase. 
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2.3 Governing Equations of Ion Exchange 
Ion exchange reactions are analogous to the dissociation of a weak acid or base, with 
stationary and liquid phase constituents comparable to products and reactants, and the resin’s 
affinity, or selectivity for a given component equivalent to the dissociation constant. A shorthand 
notation is used to describe the ion exchange reaction, as shown in Equation 2.2, a depiction of 
monovalent anion exchange: [𝑅𝑅 − 𝐴𝐴−] + [𝐵𝐵−]  
𝑘𝑘
↔   [𝑅𝑅 − 𝐵𝐵−] + [𝐴𝐴−]                                 Equation 2.2 
The “R” designation refers to the stationary phase of the resin, and the bracketed R—X 
term refers to the constituent ionically bonded to the stationary phase functional group. The free 
terms indicate a constituent in the mobile phase. In the case of Equation 2.2, mobile phase 
anion B- is adsorbed by the stationary phase, and is exchanged for anion A-. The double arrow 
means that the reaction is reversible, with constant “k” denoting the extent of reversibility. This 
constant is typically referred to as the resin’s selectivity for constituent B with respect to A. 
Resin manufacturers provide tables of values of selectivity for various ions with respect to the 
hydrogen ion for cation resins, and the hydroxide ion for anion resins. The cation exchange 
equation is similar, with A+ and B+ replacing A- and B- (4, 20, 32). 
We now develop specific equations to describe anion and cation resin behavior in both 
the regeneration process as well as the on-line conversion of standard HOH-form resin into the 
amine form. 
Anion Resin Chloride Exchange with Hydroxide  
The ion exchange reaction for chloride with respect to hydroxide-form stationary phase 
is given in Equation 2.3.                          
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[𝑅𝑅 − 𝑂𝑂𝐻𝐻−] + 𝐶𝐶𝑙𝑙−  ↔ [𝑅𝑅 − 𝐶𝐶𝑙𝑙−] + 𝑂𝑂𝐻𝐻−                                              Equation 2.3                                                         
In Equation 2.3, anion resin in the hydroxide form will adsorb chloride in the mobile 
phase, exchanging it for hydroxide. The double arrow signifies the reversibility of the exchange 
reaction. Rearrangement of Equation 2.3 yields Equation 2.4. 
𝑘𝑘𝑂𝑂𝐻𝐻−
𝐶𝐶𝑙𝑙− = [𝑅𝑅−𝐶𝐶𝑙𝑙−]∗[𝑂𝑂𝐻𝐻−][𝑅𝑅−𝑂𝑂𝐻𝐻−]∗[𝐶𝐶𝑙𝑙−]                                                        Equation 2.4                                                                                                                      
In the case of the binary system of chloride and hydroxide ions, the fraction of resin in 
the chloride form, αCl- is expressed in Equation 2.5. 
𝛼𝛼𝐶𝐶𝑙𝑙−  =  [𝑅𝑅−𝐶𝐶𝑙𝑙−][𝑅𝑅−𝐶𝐶𝑙𝑙−]+[𝑅𝑅−𝑂𝑂𝐻𝐻−]                                                                          Equation 2.5 
Accordingly, the fraction of resin in the hydroxide form is given by Equation 2.6. 
 
𝛼𝛼𝑂𝑂𝐻𝐻− = (1 − 𝛼𝛼𝐶𝐶𝑙𝑙−)  =  [𝑅𝑅−𝑂𝑂𝐻𝐻−][𝑅𝑅−𝐶𝐶𝑙𝑙−]+[𝑅𝑅−𝑂𝑂𝐻𝐻−]                                      Equation 2.6 
Factoring of Equation 2.6 results in Equation 2.7. 
 [𝑅𝑅 − 𝑂𝑂𝐻𝐻−] = [𝑅𝑅−𝐶𝐶𝑙𝑙−]∗(1−𝛼𝛼𝐶𝐶𝑙𝑙−)
𝛼𝛼𝐶𝐶𝑙𝑙−
                                               Equation 2.7 
 
Substitution of Equation 2.7 into Equation 2.4 gives Equation 2.8, the chloride 
concentration in the mobile phase for a given fraction of resin in the chloride form, pH, and 
selectivity. 
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[𝐶𝐶𝑙𝑙−] =  𝛼𝛼𝐶𝐶𝑙𝑙−∗[𝑂𝑂𝐻𝐻−](1−𝛼𝛼𝐶𝐶𝑙𝑙−)∗𝑘𝑘𝑂𝑂𝐻𝐻−𝐶𝐶𝑙𝑙−                                                 Equation 2.8 
with 
[Cl-] = mobile phase chloride, mole/L 
α
Cl
 = fraction of resin in the chloride form 
[OH-] = hydroxide ion concentration, mole/L 
(1 – α
Cl
) = fraction or resin not in the chloride form 
k = selectivity constant of the functional group for chloride, with respect to hydroxide = 
22 @ 25 ⁰C. 
 
Equation 2.8 is used to predict chloride behavior during the sodium hydroxide 
regeneration of the anion resin, or during the on-line conversion to the amine form. 
 
Anion Resin Sulfate Exchange with Hydroxide 
In the case of divalent sulfate ion, Equation 2.9, two adjacent sites on the stationary 
phase are needed to affect adsorption and exchange. 2[𝑅𝑅 − 𝑂𝑂𝐻𝐻−] + [𝑆𝑆𝑂𝑂4−2]  ↔ [𝑅𝑅2 − 𝑆𝑆𝑂𝑂4−2] + 2[𝑂𝑂𝐻𝐻−]                 Equation 2.9                                                                                                                            
Rearrangement of Equation 2.9 results in Equation 2.10 
𝑘𝑘𝑂𝑂𝐻𝐻−
𝑆𝑆𝑂𝑂4
−2 =  �𝑅𝑅2−𝑆𝑆𝑂𝑂4−2�∗[𝑂𝑂𝐻𝐻−]2[𝑅𝑅−𝑂𝑂𝐻𝐻−]∗[𝑆𝑆𝑂𝑂4−2]                                           Equation 2.10 
Equation 2.11 defines the fraction of resin in the sulfate form. 
𝛼𝛼𝑆𝑆𝑂𝑂4−2  =  [𝑅𝑅2−𝑆𝑆𝑂𝑂4−2]�𝑅𝑅−𝑆𝑆𝑂𝑂4−2�+[𝑅𝑅−𝑂𝑂𝐻𝐻−]                                        Equation 2.11 
55 
 
Substituting Equation 2.11 into Equation 2.10, and recognizing that [R2-SO4-2] is equal to  
𝛼𝛼𝑆𝑆𝑂𝑂4−2 ∗ 𝑇𝑇𝑇𝑇𝐶𝐶, the total exchange capacity of the anion resin, results in Equation 2.12, an 
expression of mobile phase sulfate concentration as a function of resin sulfate fraction, pH, and 
selectivity. 
[𝑆𝑆𝑂𝑂4−2] =  𝛼𝛼𝑆𝑆𝑂𝑂4−22 ∗[𝑂𝑂𝐻𝐻−]2
𝑇𝑇𝑇𝑇𝐶𝐶∗�1−𝛼𝛼𝑆𝑆𝑂𝑂4
−2�
2
∗𝑘𝑘𝑂𝑂𝐻𝐻−
𝑆𝑆𝑂𝑂4
−2                                 Equation 2.12 
with 
[SO4-2] = mobile phase sulfate, mole/L 
𝛼𝛼𝑆𝑆𝑂𝑂4−2
2 = fraction of resin in the sulfate form 
[OH-] = hydroxide ion concentration, mole/L 
TEC = total exchange capacity = 1.3 equivalents/L 
(1 – 𝛼𝛼𝑆𝑆𝑂𝑂4−2
2 ) = fraction or resin not in the sulfate form 
k = selectivity constant of the functional group for sulfate, with respect to hydroxide = 3 
@ 25 ⁰C.  
 
Equation 2.12 is used to model sulfate behavior during the sodium hydroxide application 
to the anion resin, or during the on-line conversion to the amine-form. 
 
Anion Resin Chloride Exchange with Sulfate 
In the unique case of anion resin regeneration with sulfuric acid, the overall ion 
exchange reaction is given in Equation 2.13. 2[𝑅𝑅 − 𝐶𝐶𝑙𝑙−] + 𝑆𝑆𝑂𝑂4−2   𝑘𝑘↔   [𝑅𝑅2𝑆𝑆𝑂𝑂4−2] + 2𝐶𝐶𝑙𝑙−                          Equation 2.13 
Rearrangement of Equation 2.13 gives Equation 2.14. 
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[𝐶𝐶𝑙𝑙−]2∗[𝑅𝑅2𝑆𝑆𝑂𝑂4−2][𝑅𝑅−𝐶𝐶𝑙𝑙−]2∗[𝑆𝑆𝑂𝑂4−2] = 𝑘𝑘𝐶𝐶𝑙𝑙−𝑆𝑆𝑂𝑂4−2                                                        Equation 2.14 
Equation 2.15 expresses resin chloride fraction. 
𝛼𝛼
𝐶𝐶𝑙𝑙− =  [𝑅𝑅−𝐶𝐶𝑙𝑙−][𝑅𝑅−𝐶𝐶𝑙𝑙−]+ [𝑅𝑅2𝑆𝑆𝑂𝑂4−2]                                                           Equation 2.15 
Equation 2.16 rearranges Equation 2.15 to show resin stationary phase sulfate in terms 
of stationary phase chloride and resin chloride fraction. [𝑅𝑅2𝑆𝑆𝑂𝑂4−2] = [𝑅𝑅−𝐶𝐶𝑙𝑙−]∗(1−𝛼𝛼𝐶𝐶𝑙𝑙−)𝛼𝛼𝐶𝐶𝑙𝑙−                                                 Equation 2.16 
Substitution of Equation 2.16 into Equation 2.14 gives Equation 2.17, which describes 
mobile phase chloride concentration as a function of resin chloride fraction, total exchange 
capacity of the anion resin, and mobile phase sulfate concentration that will be present during 
the regeneration with sulfuric acid  
[𝐶𝐶𝑙𝑙−] = �  𝑘𝑘𝐶𝐶𝑙𝑙−𝑆𝑆𝑂𝑂4−2∗𝑇𝑇𝑇𝑇𝐶𝐶∗�𝑆𝑆𝑂𝑂4−2�∗𝛼𝛼𝐶𝐶𝑙𝑙−2(1−𝛼𝛼𝐶𝐶𝑙𝑙−) �12                                      Equation 2.17 
with 
[Cl-] = mobile phase chloride, mole/L 
𝑘𝑘𝐶𝐶𝑙𝑙−
𝑆𝑆𝑂𝑂4
−2
 = selectivity for sulfate relative to chloride ≅ 3 @ 25°𝐶𝐶 
𝛼𝛼𝐶𝐶𝑙𝑙− = fraction of resin in the chloride form [𝑆𝑆𝑂𝑂4−2] = sulfate ion concentration, mole/L 
TEC = total exchange capacity = 1.3 equivalents/L 
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Cation Resin Sodium Exchange with Ethanolamine 
Cation resin exchange reactions are presented from two perspectives: first, sodium 
exchange for hydrogen, then ethanolamine exchange with hydrogen. Equations 2.18 and 2.19 
describe the exchange with sodium. [𝑅𝑅 − 𝐻𝐻+] + [𝑁𝑁𝑎𝑎+] ↔ [𝑅𝑅 − 𝑁𝑁𝑎𝑎+] + [𝐻𝐻+]                             Equation 2.18 
𝑘𝑘𝐻𝐻+
𝑁𝑁𝑎𝑎+ = [𝑅𝑅−𝑁𝑁𝑎𝑎+]∗[𝐻𝐻+][𝑅𝑅−𝐻𝐻+]∗[𝑁𝑁𝑎𝑎+]                                                           Equation 2.19 
In the case of the binary system of sodium and hydrogen ions, the fraction of resin in the 
sodium form, αNa+ is expressed in Equation 2.20. 
𝛼𝛼𝑁𝑁𝑎𝑎+  =  [𝑅𝑅−𝑁𝑁𝑎𝑎+][𝑅𝑅−𝑁𝑁𝑎𝑎+]+[𝑅𝑅−𝐻𝐻+]                                                                        Equation 2.20 
Accordingly, the fraction of resin in the hydrogen form is given by Equation 2.21. 
𝛼𝛼𝐻𝐻+ = (1 − 𝛼𝛼𝑁𝑁𝑎𝑎+)  =  [𝑅𝑅−𝐻𝐻+][𝑅𝑅−𝑁𝑁𝑎𝑎+]+[𝑅𝑅−𝐻𝐻+]                                       Equation 2.21 
Factoring of Equation 2.21 results in Equation 2.22. [𝑅𝑅 − 𝐻𝐻+] = [𝑅𝑅−𝑁𝑁𝑎𝑎+]∗(1−𝛼𝛼𝑁𝑁𝑎𝑎+)
𝛼𝛼𝑁𝑁𝑎𝑎+
                                              Equation 2.22 
Substitution of Equation 2.22 into Equation 2.19 gives Equation 2.23, the sodium 
concentration in the mobile phase for a given fraction of resin in the sodium form, pH, and 
selectivity. 
  [𝑁𝑁𝑎𝑎+] =  𝛼𝛼𝑁𝑁𝑎𝑎+∗[𝐻𝐻+ ]
�1−𝛼𝛼𝑁𝑁𝑎𝑎+�∗𝑘𝑘𝐻𝐻+
𝑁𝑁𝑎𝑎+
                                             Equation 2.23 
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with 
[Na+] = mobile phase sodium concentration, mole/L 
α
Na+
 = fraction of resin in the sodium form 
[H+] = hydrogen ion concentration, mole/L 
(1 – α
Na+
) = fraction or resin not in the sodium form 
k = selectivity constant of the functional group for sodium, with respect to hydrogen = 
1.48 @ 25 ⁰C. 
 
Equation 2.23 is used to model sodium behavior during the sulfuric acid application to 
the cation resin. 
Equations 22 and 23 describe the exchange with the ethanolamine cation. [𝑅𝑅 − 𝐻𝐻+] + [𝑇𝑇𝑇𝑇𝐴𝐴+] ↔ [𝑅𝑅 − 𝑇𝑇𝑇𝑇𝐴𝐴+] + [𝐻𝐻+]                                   Equation 2.24 
𝑘𝑘𝐻𝐻+
𝑇𝑇𝑇𝑇𝐸𝐸+ = [𝑅𝑅−𝑇𝑇𝑇𝑇𝐸𝐸+]∗[𝐻𝐻+][𝑅𝑅−𝐻𝐻+]∗[𝑇𝑇𝑇𝑇𝐸𝐸+]                                                                        Equation 2.25 
By examination of Equations 2.18 – 2.23 we can immediately write Equation 2.26. 
  [𝑇𝑇𝑇𝑇𝐴𝐴+] =  𝛼𝛼𝐸𝐸𝐸𝐸𝐴𝐴+∗[𝐻𝐻+ ]
�1−𝛼𝛼𝐸𝐸𝐸𝐸𝐴𝐴+�∗𝑘𝑘𝐻𝐻+
𝐸𝐸𝐸𝐸𝐴𝐴+
                                                Equation 2.26 
with 
[ETA+] = mobile phase ethanolamine ion concentration, mole/L 
α
ETA+
 = fraction of resin in the ethanolamine form 
[H+] = hydrogen ion concentration, mole/L 
(1 – α
ETA+
) = fraction or resin not in the ethanolamine ion form 
k = selectivity constant of the functional group for ethanolamine ion, with respect to 
hydrogen = 1.17 @ 25 ⁰C. 
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Equation 2.26 is used to model ethanolamine behavior during the sulfuric acid 
application to the cation resin. 
Of value is an equation that describes sodium behavior during the on-line conversion to 
the amine-form. We start by dividing Equation 2.19 by Equation 2.25, yielding Equation 2.27. 
𝑘𝑘𝑇𝑇𝑇𝑇𝐸𝐸+
𝑁𝑁𝑎𝑎+ = 𝑘𝑘𝐻𝐻+𝑁𝑁𝑎𝑎+
𝑘𝑘𝐻𝐻+
𝐸𝐸𝐸𝐸𝐴𝐴+
= �𝑅𝑅−𝑁𝑁𝑎𝑎+�∗[𝐻𝐻+]�𝑅𝑅−𝐻𝐻+�∗[𝑁𝑁𝑎𝑎+]
�𝑅𝑅−𝐸𝐸𝐸𝐸𝐴𝐴+�∗[𝐻𝐻+]
�𝑅𝑅−𝐻𝐻+�∗[𝐸𝐸𝐸𝐸𝐴𝐴+] = [𝑅𝑅−𝑁𝑁𝑎𝑎+]∗[𝑇𝑇𝑇𝑇𝐸𝐸+][𝑅𝑅−𝑇𝑇𝑇𝑇𝐸𝐸+]∗[𝑁𝑁𝑎𝑎+] = 1.481.17 = 1.265           Equation 2.27 
We now use Equation 2.28 to define the sodium resin fraction with respect to 
ethanolamine. 
𝛼𝛼𝑁𝑁𝑎𝑎+  =  [𝑅𝑅−𝑁𝑁𝑎𝑎+][𝑅𝑅−𝑁𝑁𝑎𝑎+]+[𝑅𝑅−𝑇𝑇𝑇𝑇𝐸𝐸+]                                                                   Equation 2.28 
Substitution of Equation 2.28 into Equation 2.27 results in Equation 2.29, a means of 
computing mobile phase sodium concentration as a function of resin sodium fraction, 
ethanolamine concentration in the mobile phase, and the resin’s selectivity for sodium relative to 
ethanolamine. [𝑁𝑁𝑎𝑎+] =  𝛼𝛼𝑁𝑁𝑎𝑎+∗[𝑇𝑇𝑇𝑇𝐸𝐸+]
�1−𝛼𝛼𝑁𝑁𝑎𝑎+�∗𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴+
𝑁𝑁𝑎𝑎+
                                                                      Equation 2.29 
with 
[Na+] = mobile phase sodium ion concentration, mole/L 
α
Na+
 = fraction of resin in the sodium form 
[ETA+] = mobile phase ethanolamine ion concentration, mole/L 
(1 – α
Na+
) = fraction or resin not in the sodium ion form 
k = selectivity constant of the functional group for sodium ion, with respect to 
ethanolamine = 1.265 @ 25 ⁰C. 
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Resin Breakthrough Behavior 
Given the literature and operating experiences regarding the capacity of resins and 
selectivity of components, and that secondary cycle chemistry would be going from one 
condition of steady state to another, it is relatively straightforward to compute the resin 
parameters necessary to facilitate this change. It is also advantageous to be able to describe 
the pathway, illustrated by Figure 2.7.  
 
Figure 2.7 – Generic Resin Breakthrough Curve 
To that end, a search of literature for adsorption isotherms was undertaken, 
encompassing the work of Langmuir, Freundlich, Tempkin, Elovich, Thomas, and Dubinin & 
Radushkevich (37, 38). Pseudo first-order and second-order adsorption kinetic models, along 
with models employing diffusion and CSTRs in series were evaluated and compared to 
empirical data to identify the best fit for universal, plant-scale applications (39). As will be 
demonstrated in Chapters 5 and 6, the model by Henry C. Thomas, ca. 1944, was most 
compatible for amine-form operations (40). The Thomas Model for Ion Exchange, as applied by 
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Baek, et al (41), is a solution to the area between the two curves shown in Figure 2.7, given by 
Equation 2.30. 
𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ∫ (𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼−𝐶𝐶𝐸𝐸𝐼𝐼𝐼𝐼)
𝑀𝑀
𝑎𝑎𝑑𝑑
𝑉𝑉
0
                                                           Equation 2.30 
 
Baek’s solution is given by Equation 2.31. 
𝐶𝐶𝑇𝑇𝐸𝐸𝐸𝐸(𝑑𝑑) = 𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼
1+𝑒𝑒
[�𝑘𝑘𝑄𝑄�∗�𝑞𝑞∗𝑀𝑀−𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼∗𝑉𝑉�]                                             Equation 2.31 
with 
 
CEFF(V) = concentration of amine at resin effluent as a function of volume throughput, 
PPM 
CINF = concentration of amine at resin influent, PPM 
k  = rate constant, minute-1 
Q = amine feed rate, EQ/minute 
q = manufactured exchange capacity, EQ/GAL 
M = amount of resin, GAL 
V = resin volumetric throughput, GAL 
 
Examination of Equation 2.31 shows that the concentration of the amine at the polisher 
effluent will come to equilibrium with the influent amine concentration, taking a pathway 
described by the denominator.  It is evident that as the denominator term 𝑎𝑎[�𝑘𝑘𝑄𝑄�∗(𝑞𝑞∗𝑀𝑀−𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼∗𝑉𝑉) ] 
approaches zero, the effluent concentration approaches the influent concentration. This occurs 
as the exchange sites adsorb the amine. The portion of Equation 2.31 given by  𝑞𝑞∗𝑀𝑀−𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼∗𝑉𝑉
𝑄𝑄
  
shows how the available exchange sites are “consumed” by the influent solution. 
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Chapter 3: Model Development 
 
This chapter describes the development of five distinct models employed in processes 
utilized to assess and implement full-scale amine-form operation, and the subsequent reduction 
in the rate of secondary plant corrosion. Foremost is the ion exchange model; all other activities 
flow from this point. The ion exchange model contains two parts: the resin regeneration part, 
which shows the pathway to ultra-low chloride content on the stationary phase of the anion 
resin; and the on-line portion, which describes full-scale behavior in the secondary cycle of the 
plant. The other models include one for managing the operation of the condensate polishing 
system (Amine Form Economics), another for computing the pH and conductivity of an aqueous 
solution of weak bases and acids (pH of Solutions), another describing the volatility and 
distribution of secondary cycle treatment chemicals (Steam Generator and Balance of Plant 
Volatiles), and another describing the behavior of non-volatile contaminants inside the steam 
generators (SG ODE).  
 
3.1 Ion Exchange Model, Part 1: Resin Regeneration 
The equations derived in Chapter 2 must now be fit to a process model that describes 
the concentration profiles of the regenerant solutions that get applied to the resins. The acid 
application process, whether applied to cation resin or anion resin, takes place in the cation 
resin regeneration tank, TK-1. The caustic application step is used solely on the anion resin and 
occurs in the anion resin regeneration tank, TK-2. 
3.1.1 TK-1 Acid Application Model 
Referring to Figure 3.1, let A = the amount of sulfuric acid in TK-1 at any time. The rate 
of change of A with respect to time is given by Equation 3.1. 
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RESIN
waste out
TK-1
acid in = 11%
F in
F out
V
CA
CA = A
        V
 
Figure 3.1 – Acid Application to TK-1 
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑
= 𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎 𝑖𝑖𝑛𝑛 − 𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎 𝑎𝑎𝑜𝑜𝑟𝑟                                                                                     Equation 3.1 
Rate in is defined as the feed concentration of sulfuric acid times the total regenerant 
flow rate, and rate out as the concentration of sulfuric acid exiting the tank times the flow rate of 
the waste exiting the tank, noting that flow rate in is equal to flow rate out. Additionally, we 
define concentration of sulfuric acid exiting the tank as being equal to the amount of sulfuric acid 
in TK-1 divided by the fixed volume of resin and water below the inlet acid distributor. 
Substitution of these definitions into Equation 3.1, and dividing through by volume to put the 
differential in terms of concentration gives Equation 3.2. 
𝑑𝑑𝐶𝐶𝐴𝐴(𝑡𝑡)
𝑑𝑑𝑑𝑑
= 𝐶𝐶𝐴𝐴𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸∗𝐸𝐸−𝐶𝐶𝐴𝐴∗𝐸𝐸
𝑉𝑉
                                                          Equation 3.2 
Recognizing that flow rate, acid concentration in the feed supply, and volume are 
constants, grouping and substitution into Equation 3.2 results in a linear, first-order differential 
equation shown in Equation 3.3. 
𝑑𝑑𝐶𝐶𝐴𝐴(𝑡𝑡)
𝑑𝑑𝑑𝑑
+ 𝑎𝑎 ∗ 𝐶𝐶𝐸𝐸 = 𝑎𝑎               𝑤𝑤ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎 = 𝐸𝐸𝑉𝑉  ;  𝑎𝑎𝑛𝑛𝑎𝑎    𝑎𝑎 = 𝐶𝐶𝐴𝐴𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸∗𝐸𝐸𝑉𝑉              Equation 3.3 
64 
 
The solution to Equation 3.3 with boundary condition 𝑎𝑎𝑟𝑟 𝑟𝑟 = 0,𝐶𝐶𝐸𝐸 = 𝐶𝐶𝐸𝐸𝑜𝑜 is given in 
Equation 3.4. 
𝐶𝐶𝐸𝐸(𝑑𝑑) = 𝐶𝐶𝐸𝐸𝑜𝑜 ∗ 𝑎𝑎(−𝑎𝑎∗𝑑𝑑) + 𝑏𝑏𝑎𝑎 ∗ (1 −  𝑎𝑎(−𝑎𝑎∗𝑑𝑑))                                            Equation 3.4 
Equation 3.4 is used in a spreadsheet application to compute the acid profile in TK-1 during the 
acid application to the cation resins or anion resins. It is also used with bench-scale testing 
apparatus, appropriately scaled to the conditions of TK-1. Figure 3.2 shows the time-
concentration profile of the acid application step. 
 
Figure 3.2 – Time Concentration Profile during Acid Application Step 
3.1.2 TK-2 Caustic Application Model 
The model for the caustic application to anion resins in the anion resin regeneration 
tank, TK-2, is identical to the acid application model for TK-1 with the exception of regenerant 
type and concentration (sodium hydroxide at 8% by weight), and the volume of anion resin. 
Figure 3.3 is an illustration of this process. Using Equation 3.4 and the appropriate values for 
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anion resin regeneration with caustic solution results in the time-concentration profile of sodium 
hydroxide, shown in Figure 3.4. 
RESIN
waste out
TK-2
caustic in = 8%
F in
F out
V
CA
CA = A
        V
 
Figure 3.3 – Caustic Application to TK-2 
 
Figure 3.4 – Time-Concentration Profile during Caustic Application 
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3.1.3 Impurity Balance on Stationary Phase during Regeneration 
Having developed the equations that describe the time-concentration behavior of the 
acid (hydrogen ion) and the caustic (hydroxide ion) regeneration solutions, we now devise a 
means of coupling these equations to those derived in Chapter 2 describing the liquid-phase 
concentrations of chloride, sulfate, sodium, and ethanolamine. Doing so provides a means of 
computing the time-concentration profile of these constituents in the regenerant waste water, 
thereby facilitating an examination of the effectiveness of the regeneration process, and 
determination of the remaining fraction of the constituent on the stationary phase. 
We begin by examining the case of chloride elution during the caustic application to the 
anion resin in TK-2. Let “A” equal the mass of chloride on the stationary phase of the resin. The 
general differential for the change of mass of chloride is given by Equation 3.5. 
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑
= 𝐹𝐹 ∗ 𝐶𝐶𝐸𝐸𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐹𝐹 ∗ 𝐶𝐶𝐸𝐸                                                                   Equation 3.5 
with 
F = regenerant flow rate, liters per minute (LPM) 
𝐶𝐶𝐸𝐸𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸 = concentration of chloride in the regenerant, milligrams per liter (mg/L) 
𝐶𝐶𝐸𝐸 = concentration of chloride in the mobile phase, mg/L 
 
The previously defined Equation 2.7 provides a means of relating CA to the resin chloride 
fraction, hydroxide ion concentration, and resin selectivity for chloride relative to hydroxide.   
[𝐶𝐶𝑙𝑙−] =  𝛼𝛼𝐶𝐶𝑙𝑙−∗[𝑂𝑂𝐻𝐻−](1−𝛼𝛼𝐶𝐶𝑙𝑙−)∗𝑘𝑘𝑂𝑂𝐻𝐻−𝐶𝐶𝑙𝑙−                                                                                            Equation 2.7 
The resin chloride fraction is equated to the stationary phase mass by Equation 3.6. 
𝐴𝐴(𝑑𝑑) =  𝛼𝛼𝐶𝐶𝑙𝑙(𝑡𝑡)− ∗ 𝑑𝑑 ∗ 𝑇𝑇𝑇𝑇𝐶𝐶                                                                     Equation 3.6 
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with  
V = volume of anion resin, L 
TEC = total exchange capacity of anion, equivalents per liter = 1.3 EQ/L 
 
Equation 3.5 is solved by way of Newton’s Method (Equation 3.7), in conjunction with 
Equations 3.4, 2.7, and 3.6. 
𝐴𝐴(𝑑𝑑) = 𝐴𝐴(𝑑𝑑𝑜𝑜) −  Δ𝐸𝐸(𝑡𝑡𝑜𝑜)Δ𝑑𝑑 ∗ (𝑟𝑟 − 𝑟𝑟𝑜𝑜) + 𝐶𝐶𝐸𝐸𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸 ∗ 𝐹𝐹 ∗ (𝑟𝑟 − 𝑟𝑟𝑜𝑜)                        Equation 3.7 
𝑤𝑤𝑖𝑖𝑟𝑟ℎ     Δ𝐸𝐸
Δ𝑑𝑑
= 𝐹𝐹 ∗ ∆𝐶𝐶𝐸𝐸 = 𝐸𝐸∗∆𝛼𝛼𝐶𝐶𝑙𝑙−∗∆[𝑂𝑂𝐻𝐻−](1−∆𝛼𝛼𝐶𝐶𝑙𝑙−)∗𝑘𝑘𝑂𝑂𝐻𝐻−𝐶𝐶𝑙𝑙− = 𝐸𝐸∗∆𝐸𝐸∗∆[𝑂𝑂𝐻𝐻−](𝑉𝑉∗𝑇𝑇𝑇𝑇𝐶𝐶−∆𝐸𝐸)∗𝑘𝑘𝑂𝑂𝐻𝐻−𝐶𝐶𝑙𝑙−   
The terms on the left hand side of the equality describe the rate at which chloride is 
removed from the stationary phase, while the terms on the right hand side of the equality show 
the rate at which chloride is deposited on the stationary phase by chloride contaminants in the 
regenerant sodium hydroxide. The initial fraction of resin in the chloride form is determined 
analytically, and the volume of resin and total exchange capacity are fixed values as are the 
regenerant flow rate and selectivity. Figure 3.5 shows the mobile phase chloride concentration 
profile computed by Equation 3.7 for the conditions of 120 ft3 of anion resin, an initial resin 
chloride fraction of 0.1, and a caustic concentration of 8% by weight applied at a regenerant flow 
rate of 40 GPM. 
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Figure 3.5 – Predicted Time-Concentration Chloride Profile 
In addition to chloride behavior during a caustic application to the anion resins, Equation 
3.7, along with the germane equations from Chapter 2, can be adapted to any of the other 
constituents and regeneration methodologies utilized in the plant: sulfate elution from anion 
resin regeneration with caustic; chloride elution from anion resin by regeneration with sulfuric 
acid; sodium elution from cation resin with sulfuric acid; and ethanolamine elution from cation 
resin with sulfuric acid. Experimental data and comparison with the time-concentration profiles 
predicted by Equation 3.7 will be presented in Chapter 5. 
 
3.2 Ion Exchange Model, Part 2: On-Line Amination 
3.2.1 Sodium and Chloride Elution  
Whereas part 1 described behavior within the resin regeneration system, part 2 focuses 
on the on-line conversion of an HOH charge into an amine-form charge. Equation 2.28 
describes the breakthrough behavior of ethanolamine. The cation form of ethanolamine, ETA+, 
is the eluting force for sodium on the stationary phase of the cation resin. The conjugate base, 
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OH-, will elute chloride from the stationary phase of the anion. Equation 2.8 is used with 
Equation 3.7 to predict breakthrough concentration profiles of ethanolamine, sodium, and 
chloride. Figure 3.6 is an example of a breakthrough chart showing the predicted effluent 
concentrations of sodium, chloride, and ethanolamine as a function of volumetric throughput. 
The feed concentration of ethanolamine at the polisher influent was set to 1.6 PPM at a flow 
rate of 3,000 GPM. The cation resin initial sodium fraction is 0.0000225 and the anion resin 
initial chloride fraction is 0.00057.  
 
Figure 3.6 – Effluent Volume-Concentration Profiles of Sodium, Chloride, and Ethanolamine 
 
As with the regeneration processes, experimental data and comparison with the volume 
-concentration profiles depicted in Figure 3.6 will be presented in Chapter 5. 
3.2.2 Ethanolamine Breakthrough for Various Feed Concentrations 
Since one of the goals of this work is to enable the plant to increase the secondary cycle 
ethanolamine concentration, it follows that the applied feed concentration of ethanolamine – the 
concentration present in the main condensate stream – will vary. It is necessary to be able to 
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predict ethanolamine breakthrough behavior for any feed concentration. We begin by linearizing 
Baek’s solution to the Thomas Model, presented by Equation 2.31. 
𝐶𝐶𝑇𝑇𝐸𝐸𝐸𝐸(𝑑𝑑) = 𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼
1+𝑒𝑒
[�𝑘𝑘𝑄𝑄�∗�𝑞𝑞∗𝑀𝑀−𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼∗𝑉𝑉�]                                             Equation 2.31 
Linearization yields Equation 3.8. 
𝐿𝐿𝑁𝑁 ��
𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼
𝐶𝐶𝐸𝐸𝐼𝐼𝐼𝐼
� − 1� = 𝑘𝑘∗𝑞𝑞∗𝑀𝑀
𝑄𝑄
−
𝑘𝑘∗𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼∗𝑉𝑉
𝑄𝑄
                                     Equation 3.8 
Plotting 𝐿𝐿𝑁𝑁 ��
𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼
𝐶𝐶𝐸𝐸𝐼𝐼𝐼𝐼
� − 1� as a function of volume, V, then submitting the data to 
regression analysis, will provide a slope equal to  
𝑘𝑘∗𝐶𝐶𝐼𝐼𝑁𝑁𝐼𝐼
𝑄𝑄
  and a y-intercept equal to  𝑘𝑘∗𝑞𝑞∗𝑀𝑀
𝑄𝑄
 , 
either of which may be used to compute rate constant k. These activities were carried out with a 
test column with the results reported in Chapter 5. 
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3.3 pH of Solutions Model 
The pH of solutions model evaluates in totality the aqueous solution behavior of all of the 
weak base and weak acid constituents found in the secondary cycle, and iteratively determines 
the equilibrium concentrations, ionized fractions, pH, pOH, and raw conductivity for a given 
composition and concentration input. The constituents include ethanolamine and its two-carbon 
decomposition products glycolic acid and acetic acid, along with hydrazine, ammonia (from 
thermal decomposition of hydrazine), and formic acid, a contaminant in the station’s makeup 
water supply. Raw conductivity is the embodiment of all of the important parameters of interest 
during and after on-line conversion to the amine form and is the easiest to monitor. 
Derivation begins with identifying equations for the dissociation of water, a mass balance 
on ethanolamine, a charge balance, and the dissociation of ethanolamine. 
Dissociation of water: 
[𝑂𝑂𝐻𝐻−] ∗ [𝐻𝐻+] = 𝑘𝑘𝑤𝑤                                                                                                       Equation 3.9 
Mass balance of ethanolamine: 
[𝑇𝑇𝑇𝑇𝐴𝐴]𝑇𝑇 = [𝑇𝑇𝑇𝑇𝐴𝐴+] + [𝑇𝑇𝑇𝑇𝐴𝐴]𝑇𝑇𝑄𝑄                                                                                      Equation 3.10 
Charge balance: 
[𝑇𝑇𝑇𝑇𝐴𝐴+] + [𝐻𝐻+] = [𝑂𝑂𝐻𝐻−]                                                                                             Equation 3.11 
Dissociation of ethanolamine: 
[𝑇𝑇𝑇𝑇𝐸𝐸+]∗[𝑂𝑂𝐻𝐻−][𝑇𝑇𝑇𝑇𝐸𝐸]𝐸𝐸𝑄𝑄 = 𝑘𝑘𝑇𝑇𝑇𝑇𝐸𝐸                                                                                                     Equation 3.12 
Substitution for [𝑇𝑇𝑇𝑇𝐴𝐴]𝑇𝑇𝑄𝑄 in Equation 3.10 with Equation 3.12 yields Equation 3.13. 
[𝑇𝑇𝑇𝑇𝐴𝐴]𝑇𝑇 = [𝑇𝑇𝑇𝑇𝐴𝐴+] + [𝑇𝑇𝑇𝑇𝐸𝐸+]∗[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
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[𝑇𝑇𝑇𝑇𝐴𝐴]𝑇𝑇 = [𝑇𝑇𝑇𝑇𝐴𝐴+] ∗ �1 + [𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
�   
[𝑇𝑇𝑇𝑇𝐴𝐴+] = [𝑇𝑇𝑇𝑇𝐸𝐸]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
�
                                                                                                      Equation 3.13 
Substitution into Equation 3.11 with Equations 3.9 and 3.13 gives Equation 3.14. 
[𝑇𝑇𝑇𝑇𝐴𝐴+] + [𝐻𝐻+] = [𝑂𝑂𝐻𝐻−]  
[𝑇𝑇𝑇𝑇𝐸𝐸]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
�
+ 𝑘𝑘𝑤𝑤[𝑂𝑂𝐻𝐻−] = [𝑂𝑂𝐻𝐻−]   
[𝑇𝑇𝑇𝑇𝐸𝐸]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
�
+ 𝑘𝑘𝑤𝑤[𝑂𝑂𝐻𝐻−] − [𝑂𝑂𝐻𝐻−] = 0                                                                                     Equation 3.14 
The least common denominator (LCD) of Equation 3.14 is given by: 
�1 + [𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
� ∗ [𝑂𝑂𝐻𝐻−]  
Multiplying both sides of Equation 3.14 by the LCD yields Equation 3.15. 
[𝑇𝑇𝑇𝑇𝐴𝐴]𝑇𝑇 ∗ [𝑂𝑂𝐻𝐻−] + �1 + [𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
� ∗ 𝑘𝑘𝑊𝑊 − �[𝑂𝑂𝐻𝐻−]2 + [𝑂𝑂𝐻𝐻−]3𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴 � = 0                                      Equation 3.15 
Equation 3.15 shows that, with only one weak base in solution, the hydroxide ion 
concentration is a third-order polynomial. There are two other weak bases present in the 
secondary plant: ammonia and hydrazine. By examination of Equation 3.13 we can conclude 
that: 
[𝑁𝑁𝐻𝐻4+] = [𝑁𝑁𝐻𝐻3]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝑁𝑁𝐻𝐻3
�
                                                                                                       Equation 3.16 
And  
[𝑁𝑁2𝐻𝐻5+] = [𝑁𝑁2𝐻𝐻4]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝑁𝑁2𝐻𝐻4
�
                                                                                                    Equation 3.17 
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For a solution with multi-component weak bases, the charge balance becomes: 
[𝑇𝑇𝑇𝑇𝐴𝐴+] + [𝑁𝑁𝐻𝐻4+] + [𝑁𝑁2𝐻𝐻5+] + [𝐻𝐻+] = [𝑂𝑂𝐻𝐻−]                                                               Equation 3.18 
Substitution of Equations 3.9, 3.13, 3.16, and 3.17 into Equation 3.18 gives Equation 
3.19. 
[𝑇𝑇𝑇𝑇𝐸𝐸]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
�
+ [𝑁𝑁𝐻𝐻3]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝑁𝑁𝐻𝐻3
�
+ [𝑁𝑁2𝐻𝐻4]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝑁𝑁2𝐻𝐻4
�
+ 𝑘𝑘𝑤𝑤[𝑂𝑂𝐻𝐻−] = [𝑂𝑂𝐻𝐻−]                                                        Equation 3.19 
Equation 3.19 puts all of the weak base contributors in terms of the hydroxide ion and 
dissociation constants. We next endeavor to do the same with the weak acids acetic acid, 
glycolic acid, and formic acid. 
The dissociation of the three organic acids acetic acid (CH3COOH), glycolic acid 
(CHOHCOOH), and formic acid (CHOOH) are presented as follows, with ACE = acetic acid, 
GLYC = glycolic acid, and FORM = formic acid. The negative superscript refers to the conjugate 
base ions acetate, glycolate, and formate. 
Dissociation of acetic acid: 
[𝐻𝐻+]∗[𝐸𝐸𝐶𝐶𝑇𝑇−][𝐸𝐸𝐶𝐶𝑇𝑇]𝐸𝐸𝑄𝑄 = 𝑘𝑘𝐸𝐸𝐶𝐶𝑇𝑇                                                                                                       Equation 3.20 
Dissociation of glycolic acid: 
[𝐻𝐻+]∗[𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶−][𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶]𝐸𝐸𝑄𝑄 = 𝑘𝑘𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶                                                                                                    Equation 3.21 
Dissociation of formic acid: 
[𝐻𝐻+]∗[𝐸𝐸𝑂𝑂𝑅𝑅𝑀𝑀−][𝐸𝐸𝑂𝑂𝑅𝑅𝑀𝑀]𝐸𝐸𝑄𝑄 = 𝑘𝑘𝐸𝐸𝑂𝑂𝑅𝑅𝑀𝑀                                                                                                  Equation 3.22 
The mass balances of each component are expressed as follows: 
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[𝐴𝐴𝐶𝐶𝑇𝑇]𝑇𝑇 = [𝐴𝐴𝐶𝐶𝑇𝑇−] + [𝐴𝐴𝐶𝐶𝑇𝑇]𝑇𝑇𝑄𝑄                                                                                      Equation 3.23 
[𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶]𝑇𝑇 = [𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶−] + [𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶]𝑇𝑇𝑄𝑄                                                                                Equation 3.24 
[𝐹𝐹𝑂𝑂𝑅𝑅𝐹𝐹]𝑇𝑇 = [𝐹𝐹𝑂𝑂𝑅𝑅𝐹𝐹−] + [𝐹𝐹𝑂𝑂𝑅𝑅𝐹𝐹]𝑇𝑇𝑄𝑄                                                                            Equation 3.25 
The total charge balance is expressed as follows: 
[𝐴𝐴𝐶𝐶𝑇𝑇−] + [𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶−] + [𝐹𝐹𝑂𝑂𝑅𝑅𝐹𝐹−] + [𝑂𝑂𝐻𝐻−] = [𝐻𝐻+]                                                         Equation 3.26 
Substitution for [𝐴𝐴𝐶𝐶𝑇𝑇]𝑇𝑇𝑄𝑄 in Equation 3.23 with dissociation equation 3.20 yields the 
following: 
[𝐴𝐴𝐶𝐶𝑇𝑇−] = [𝐸𝐸𝐶𝐶𝑇𝑇]𝐸𝐸
�1+
[𝐻𝐻+]
𝑘𝑘𝐴𝐴𝐶𝐶𝐸𝐸
�
                                                                                                      Equation 3.27 
By examination we can write: 
[𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶−] = [𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶]𝐸𝐸
�1+
[𝐻𝐻+]
𝑘𝑘𝐺𝐺𝐺𝐺𝐺𝐺𝐶𝐶
�
                                                                                                   Equation 3.28 
[𝐹𝐹𝑂𝑂𝑅𝑅𝐹𝐹−] = [𝐸𝐸𝑂𝑂𝑅𝑅𝑀𝑀]𝐸𝐸
�1+
[𝐻𝐻+]
𝑘𝑘𝐼𝐼𝑂𝑂𝑅𝑅𝑀𝑀
�
                                                                                                 Equation 3.29 
Substitution of Equations 3.9, 3.27, 3.28, and 3.29 into Equation 3.26 gives Equation 
3.30. 
[𝐸𝐸𝐶𝐶𝑇𝑇]𝐸𝐸
�1+
[𝐻𝐻+]
𝑘𝑘𝐴𝐴𝐶𝐶𝐸𝐸
�
+ [𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶]𝐸𝐸
�1+
[𝐻𝐻+]
𝑘𝑘𝐺𝐺𝐺𝐺𝐺𝐺𝐶𝐶
�
+ [𝐸𝐸𝑂𝑂𝑅𝑅𝑀𝑀]𝐸𝐸
�1+
[𝐻𝐻+]
𝑘𝑘𝐼𝐼𝑂𝑂𝑅𝑅𝑀𝑀
�
+ 𝑘𝑘𝑊𝑊[𝐻𝐻+] = [𝐻𝐻+]                                                             Equation 3.30 
We now move forward with combining the equations for weak bases and weak acids. 
The charge balance for the solution of multi-component weak bases and weak acids is given by 
Equation 3.31. 
[𝑇𝑇𝑇𝑇𝐴𝐴+] + [𝑁𝑁𝐻𝐻4+] + [𝑁𝑁2𝐻𝐻5+] + [𝐻𝐻+] − [𝐴𝐴𝐶𝐶𝑇𝑇−] − [𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶−]− [𝐹𝐹𝑂𝑂𝑅𝑅𝐹𝐹−] − [𝑂𝑂𝐻𝐻−] = 0     Equation 3.31 
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Substitution of Equations 3.9, 3.13, 3.16, 3.17, 3.27, 3.28, and 3.29 into Equation 3.31, 
and relating the hydrogen ion to the hydroxide ion by way of the dissociation of water, results in 
Equation 3.32, which equates all aqueous constituents to the hydroxide ion. 
[𝑇𝑇𝑇𝑇𝐸𝐸]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝐸𝐸𝐸𝐸𝐴𝐴
�
+ [𝑁𝑁𝐻𝐻3]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝑁𝑁𝐻𝐻3
�
+ [𝑁𝑁2𝐻𝐻4]𝐸𝐸
�1+
[𝑂𝑂𝐻𝐻−]
𝑘𝑘𝑁𝑁2𝐻𝐻4
�
+ 𝑘𝑘𝑤𝑤[𝑂𝑂𝐻𝐻−] − [𝐸𝐸𝐶𝐶𝑇𝑇]𝐸𝐸�1+ 𝑘𝑘𝑊𝑊[𝑂𝑂𝐻𝐻−]∗𝑘𝑘𝐴𝐴𝐶𝐶𝐸𝐸� − [𝐺𝐺𝐿𝐿𝐺𝐺𝐶𝐶]𝐸𝐸�1+ 𝑘𝑘𝑊𝑊[𝑂𝑂𝐻𝐻−]∗𝑘𝑘𝐺𝐺𝐺𝐺𝐺𝐺𝐶𝐶� −
[𝐸𝐸𝑂𝑂𝑅𝑅𝑀𝑀]𝐸𝐸
�1+
𝑘𝑘𝑊𝑊[𝑂𝑂𝐻𝐻−]∗𝑘𝑘𝐼𝐼𝑂𝑂𝑅𝑅𝑀𝑀� = [𝑂𝑂𝐻𝐻−]                                                                   Equation 3.32 
Equation 3.32 is readily solved in an iterative manner on a spreadsheet program. Set up 
a cell that is a function of the hydroxide ion such that f[OH-] = the sum of all the terms on the left 
hand side of Equation 3.32. After entering concentrations for the three weak bases and three 
weak acids, an initial “guess” is made as to the concentration of hydroxide ion that satisfies the 
equality. A good starting point is the molar concentration of the weak base with the highest 
concentration. Thereafter, the resultant concentration for hydroxide is fed back into the function 
until it converges on a single value. With the hydroxide ion concentration determined, the pH of 
Solutions program computes pOH, pH, and the equilibrium concentration of all components. 
The conductivity of the solution is due to the sum of the equilibrium concentrations of each ionic 
species, multiplied by the molar conductance of each species. Values for the conductance at an 
infinite dilution for all cations and anions in the secondary plant are obtained from the CRC 
Handbook of Chemistry and Physics (23). These values, along with the pKa and pKb values 
used in the model are listed in Table 3.1. 
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Table 3.1 – Dissociation and Conductance Values for Weak Acids and Weak Bases 
 
 
 
 
 
 
  
Constituent pKa/pKb λ+/-, m2-S/mole 
Acetic Acid 4.755 40.9 
Glycolic Acid 3.83 55 
Formic Acid 3.744 54.6 
Hydroxide Ion -- 198 
Ethanolamine 4.496 42.2 
Ammonia 4.747 73.5 
Hydrazine 6.003 59 
Hydrogen Ion -- 349.65 
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3.4 SG ODE Model 
The time-concentration behavior inside the steam generators of non-volatile, controlled 
contaminant impurities such as sodium and chloride is predicted by way of a material balance 
and a resultant linear, first-order ordinary differential equation, hence the name of the model. 
Used in conjunction with the ion exchange model for breakthrough behavior, its value is in its 
ability to assess the effect of on-line amination on steam generator control parameter 
concentrations throughout the conversion, and at steady state. Figure 3.7 represents the 
material balance around a typical PWR recirculating steam generator. 
 A   =  CA
MSG
mBD
CA
mFFW
CA(FFW)
mSTM
MCO
 
Figure 3.7 – PWR RSG Material Balance 
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Final feed water at some mass flow rate and a concentration of constituent “A” enters 
the steam generator. A comparable mass flow rate of steam, with some moisture carryover 
(MCO) exits at the top. The moisture has the same composition and concentration as the bulk 
fluid, but, since ionic constituents are not-volatile, the steam itself is bereft of sodium, chloride, 
and sulfate. A stream with a much smaller flow rate – steam generator blow down (BD) – is 
continuously in service, removing water bearing component “A” that is at the same 
concentration, CA, as the bulk fluid. The rate of change of “A” in the bulk fluid with respect to 
time is given by Equation 3.33. 
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑
= 𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎 𝑖𝑖𝑛𝑛 − 𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎 𝑎𝑎𝑜𝑜𝑟𝑟                                                                                   Equation 3.33 
The mass flow rates of final feed water, main steam, and steam generator blow down 
are constant, with the combination of main steam and blow down flow always equal to the mass 
flow rate of final feed water. This assures that a constant level (and mass) is always maintained 
in the steam generator. Moisture carryover is also constant at full-power operations. The 
concentration of constituent “A” in the final feed water is constant at steady-state conditions, but 
may be changing with time if on-line conversion of an amine-form polisher is taking place. 
Substitution of terms into Equation 3.33 results in a linear, first-order differential equation shown 
in Equation 3.34. 
𝑑𝑑𝐶𝐶𝐴𝐴(𝑡𝑡)
𝑑𝑑𝑑𝑑
+ 𝛼𝛼 ∗ 𝐶𝐶𝐸𝐸 = 𝛽𝛽                                                                          Equation 3.34 
              𝑤𝑤ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝛼𝛼 = 𝑚𝑚𝐵𝐵𝐸𝐸+𝑀𝑀𝐶𝐶𝑂𝑂∗𝑚𝑚𝑆𝑆𝐸𝐸𝑀𝑀
𝑀𝑀𝑆𝑆𝐺𝐺
 ;  𝑎𝑎𝑛𝑛𝑎𝑎    𝛽𝛽 = 𝐶𝐶𝐴𝐴𝐼𝐼𝐼𝐼𝑊𝑊∗𝑚𝑚𝐼𝐼𝐼𝐼𝑊𝑊
𝑀𝑀𝑆𝑆𝐺𝐺
           
The solution to Equation 3.34 with boundary condition 𝑎𝑎𝑟𝑟 𝑟𝑟 = 0,𝐶𝐶𝐸𝐸 = 𝐶𝐶𝐸𝐸𝑜𝑜 is given in 
Equation 3.35. 
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𝐶𝐶𝐸𝐸(𝑑𝑑) = 𝐶𝐶𝐸𝐸𝑜𝑜 ∗ 𝑎𝑎(−𝛼𝛼∗𝑑𝑑) + 𝛽𝛽𝛼𝛼 ∗ �1 −  𝑎𝑎(−𝛼𝛼∗𝑑𝑑)�                                           Equation 3.35 
where  
 
𝐶𝐶𝐸𝐸(𝑑𝑑)= concentration of constituent ‘A’ with respect to time, parts per billion (PPB) 
𝐶𝐶𝐸𝐸𝑜𝑜= initial concentration of ‘A,’ PPB 
α = rate constant, hr
-1
 
β = forcing function, PPB/hr 
𝑚𝑚𝐵𝐵𝐷𝐷= mass flow rate of blow down, lb/hr 
MCO = moisture carryover fraction 
𝑚𝑚𝑆𝑆𝑇𝑇𝑀𝑀= mass flow rate of steam, lb/hr 
𝐹𝐹𝑆𝑆𝐺𝐺= mass of steam generator fluid, lb 
𝐶𝐶𝐸𝐸𝐼𝐼𝐼𝐼𝑊𝑊= conc. of ‘A’ in final feed water, PPB 
𝑚𝑚𝐸𝐸𝐸𝐸𝑊𝑊= mass flow rate of final feed water, lb/hr 
 
Equation 3.35 is easily transferrable to a spreadsheet program. Figure 3.8 is an example 
of the SG ODE Model applied to chloride behavior in the Millstone Unit 2 steam generators in 
which the rate of steam generator blow down is reduced at time = zero. The measured values 
show a high degree of correlation with those predicted by SG ODE. 
 
Figure 3.8 – SG ODE Model versus Empirical Data 
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Figure 3.9 is presented as an example that illustrates the predictive power of the 
coupling of models. The SG ODE Model was applied to the conditions represented in Figure 3.6 
for the on-line conversion of an amine-form polisher at Millstone Unit 2. Steady-state, 100% 
power values of final feed water and main steam flow rates were used, along with a steam 
generator rate of BD of 60 GPM. The resultant computations for steam generator sodium and 
chloride concentrations are plotted, along with the effluent ethanolamine concentration of the 
polisher being converted to the amine-form. 
 
 
Figure 3.9 – SG ODE Model Applied to On-Line Amine-Form Conversion 
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3.5 Steam Generator and Balance-of-Plant Volatiles Model 
The behavior of volatile amines in the secondary cycle of a PWR is complex. It involves 
evaluating liquid-vapor distribution, by way of partition coefficient computations, in the myriad of 
two-phase regions in the cycle, all at different temperatures. The partition coefficient is a ratio of 
the mass concentration of the amine in the vapor phase to the mass concentration of the un-
ionized portion of the liquid phase. Because of this, it must be used in conjunction with at-
temperature pH computations. Adding to the difficulty, both the partition coefficient and the 
equilibrium base dissociation values are non-linear functions of temperature. A rigorous study of 
vapor-liquid partitioning is not in the scope of this dissertation. Still, literature data on the relative 
volatility of PWR secondary cycle treatment chemicals was fitted to the Millstone Power Plant, 
thereby enabling computation of composition and concentration at various streams for a fixed 
concentration in one stream. Relative volatility differs from the partition coefficient in that it is a 
simple ratio of mass concentration in the vapor phase to mass concentration in the liquid phase. 
The approach taken prior to implementation of amine-form operation and the attendant increase 
in cycle amine concentrations was to use a material balance to compute steam generator 
ethanolamine concentration, and then use relative volatility data to calculate the expected 
ethanolamine concentrations in the main steam and main condensate. Referring to Figure 3.7, a 
fixed value of ethanolamine concentration in the final feed water was used as the input term to 
the steam generator, with steam generator blow down and main steam as the removal terms. 
Owing to its volatility, ethanolamine quickly distributes across the secondary plant, so a steady-
state computation was derived rather than a differential. The relatively high concentration and 
volatility of ethanolamine renders removal by way of moisture carryover trivial; the MCO 
depicted in Figure 3.7 is replaced by relative volatility (RV). 
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At steady-state conditions, the rate of input of ethanolamine to the steam generators is 
equal to the rate out. Letting “A” stand for ethanolamine, Equation 3.36 shows the equation 
used to compute ethanolamine in the steam generators. 
𝐶𝐶𝐸𝐸𝑆𝑆𝐺𝐺 = 𝐶𝐶𝐴𝐴𝐼𝐼𝐼𝐼𝑊𝑊∗𝐸𝐸𝐼𝐼𝐼𝐼𝑊𝑊�𝑅𝑅𝑉𝑉(𝐸𝐸)∗𝐸𝐸𝑀𝑀𝑆𝑆+𝐸𝐸𝐵𝐵𝐸𝐸�                                                        Equation 3.36 
with 
𝐶𝐶𝐸𝐸𝑆𝑆𝐺𝐺  = mass concentration of ethanolamine in steam generator, PPM 
𝐶𝐶𝐸𝐸𝐼𝐼𝐼𝐼𝑊𝑊 = mass concentration of ethanolamine in the final feed water, PPM 
𝐹𝐹𝐸𝐸𝐸𝐸𝑊𝑊 = mass flow rate of final feed water, lb/hr 
𝑅𝑅𝑑𝑑(𝑇𝑇) = relative volatility of ethanolamine at steam generator temperature 
𝐹𝐹𝑀𝑀𝑆𝑆 = mass flow rate of main steam exiting the steam generators, lb/hr 
𝐹𝐹𝐵𝐵𝐷𝐷 = mass flow rate of steam generator blow down, lb/hr 
 
A similar approach is taken for the computation of ethanolamine concentration in the 
main condensate, shown in Equation 3.37.  
𝐶𝐶𝐸𝐸𝐶𝐶𝑃𝑃𝐸𝐸 = 𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑟𝑟𝑖𝑖𝑎𝑎𝑛𝑛 𝑎𝑎𝑓𝑓 𝑚𝑚𝑎𝑎𝑖𝑖𝑛𝑛 𝑚𝑚𝑟𝑟𝑎𝑎𝑎𝑎𝑚𝑚 𝑓𝑓𝑙𝑙𝑎𝑎𝑤𝑤 𝑓𝑓𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑎𝑎𝑎𝑎 𝑟𝑟𝑎𝑎 𝑙𝑙𝑖𝑖𝑙𝑙𝑜𝑜𝑖𝑖𝑎𝑎 𝑖𝑖𝑛𝑛 𝑚𝑚𝑎𝑎𝑖𝑖𝑛𝑛 𝑓𝑓𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑎𝑎𝑎𝑎 ∗ 𝐶𝐶𝐸𝐸𝑀𝑀𝑆𝑆           Equation 3.37 
 
𝑤𝑤𝑖𝑖𝑟𝑟ℎ   𝐶𝐶𝐸𝐸𝑀𝑀𝑆𝑆 = 𝐶𝐶𝐸𝐸𝑆𝑆𝐺𝐺 ∗ 𝑅𝑅𝑑𝑑(𝑇𝑇)                                                                                         
and 
𝐶𝐶𝐸𝐸𝐶𝐶𝑃𝑃𝐸𝐸 = mass concentration of ethanolamine in the main condensate, PPM 
𝐶𝐶𝐸𝐸𝑀𝑀𝑆𝑆 = mass concentration of ethanolamine in the main steam, PPM 
 
The fraction of main steam flow leaving the steam generators and arriving as a 
condensed liquid in the main condenser differs for each Millstone plant. At Millstone Unit 2, the 
fraction is 0.625; at Millstone Unit 3 it is 0.52. Being able to predict ethanolamine concentration 
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at various locations of the secondary plant – albeit in a non-rigorous manner – is a valuable tool 
as a prelude to amine-form operation in that it establishes the key condition of this work: the 
ability to predict the concentration of the amine that will be fed to the resins throughout the on-
line conversions. As will be presented in Chapter 6, empirical data from elevation of the 
ethanolamine concentration congruent with the use of multiple amine-form polishers is used to 
develop correlations between the various plant streams. These correlations supplant these 
simple volatility models. 
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3.6 Amine Form Economics Model 
The dividends of amine-form operation of the condensate polishers can be spent in two 
ways: keep secondary cycle ethanolamine concentrations static and reduce the frequency of 
cation resin regeneration of the HOH-form charges; or increase secondary cycle at-temperature 
pH by elevating ETA concentrations, thereby decreasing the run volume of the HOH-form resin 
charges. Since option two is the preferred choice, the amine form economics model evaluates 
the impact of amine form operation, and the attendant increase in secondary cycle amine 
concentrations, on polisher resin charges configured in the HOH-form. Figure 3.10, computed 
with Amine Form Economics Model, illustrates the run volume until amine exhaustion on an 
HOH-designated resin charge as a function of raw conductivity at the polisher inlet. Raw 
conductivity is an analog for ethanolamine concentration, and is computed by way of the pH of 
Solutions Model. As amine-form-facilitated increases in secondary cycle amine concentration 
occur, the gallons throughput until exhaustion decrease. The amine form economics model 
takes into account the number of amine-form polishers in service, along with the polisher 
influent chemical composition and concentrations, and, in addition to gallons throughput until 
exhaustion, computes the frequency of polisher swaps necessary to prevent exhaustion of the 
HOH-form resin charges. By entering unit prices for the regenerant chemicals, the bulk chemical 
costs for the requisite number of resin regenerations per month are computed, along with the 
nitrogen loading of Long Island Sound from regeneration waste water discharges. 
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Figure 3.10 – HOH-Form Volume Throughput as a Function of Feed Conductivity 
 
The Amine Form Economics model is spreadsheet-based, consisting of six major tabs: 
Unit Price; Resin Loading; Acid & Caustic Costs; Anion Regeneration Costs; ETA Costs; and 
Nitrogen Loading.  
Unit Price  
This tab contains the latest information on the cost of bulk regenerant solutions sulfuric acid and 
sodium hydroxide, and ethanolamine, and converts the bulk price to a price per gallon.  
Resin Loading 
The majority of the costs associated with secondary chemistry control are related to the 
condensate polishers operated in the HOH-form. The cation resins remove all of the 
ethanolamine injected into the plant, and, once exhausted on ethanolamine, are removed from 
service and regenerated with sulfuric acid. Ethanolamine is lost from open cycle steam 
generator blow down, but this term is insignificant compared to the polishers. The ethanolamine-
bearing waste water is neutralized with an equivalent amount of sodium hydroxide, and then 
gets discharged to Long Island Sound. The Resin Loading sheet takes the ethanolamine 
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concentration in the polisher feed solution (i.e., the main condensate, also known as the CPD), 
converts it to units of equivalents per time, and computes the volume throughput accrued on an 
individual polisher charge until it becomes saturated with ethanolamine and must be removed 
from service. The sheet relates this volumetric throughput to time in service. The time in service, 
along with the number of resin charges, the total number of polisher vessels, the number of 
polisher vessels required for full-power operation, and the number of amine-form polishers, is 
used to compute the number of days that can elapse between polisher swaps in order to 
prevent HOH-form polishers from operating past the break. A prelude to this ultimate calculation 
involved numerical analysis of volume accrued for polisher swaps conducted at some 
periodicity. For example, at Millstone Unit 2, with conditions of seven polisher vessels, six 
vessels required for full-power operation, and eight resin charges, it was found that if one 
polisher swap occurred every day, a polisher would accrue 20.5 MM GAL before it was removed 
from service. A polisher swap every other day would result in an accrual of 45.1 MM GAL. A 
swap every three days results in an accrual of 69.7 MM GAL. And so forth. A similar pattern 
emerged in an evaluation of Millstone Unit 3 condensate polishing. The use of amine-form 
polishers amends the term for number of polishers required for full-polisher operation as amine-
form polishers, and the attendant long service times, effectively removes it from the equation. 
The resultant computation for the elapsed time between polisher swaps is given in Equation 
3.38. 
𝑟𝑟𝑖𝑖𝑚𝑚𝑎𝑎 𝑎𝑎𝑎𝑎𝑟𝑟𝑤𝑤𝑎𝑎𝑎𝑎𝑛𝑛 𝑚𝑚𝑤𝑤𝑎𝑎𝑠𝑠𝑚𝑚 = (𝑑𝑑𝑡𝑡𝑚𝑚𝑒𝑒 𝑢𝑢𝑢𝑢𝑑𝑑𝑡𝑡𝑙𝑙 𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑢𝑢𝑎𝑎𝑑𝑑𝑡𝑡𝑜𝑜𝑢𝑢+𝑑𝑑𝑜𝑜𝑑𝑑𝑎𝑎𝑙𝑙 𝑢𝑢𝑜𝑜.𝑜𝑜𝑜𝑜 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑑𝑑𝑜𝑜𝑑𝑑𝑎𝑎𝑙𝑙 𝑢𝑢𝑜𝑜.𝑜𝑜𝑜𝑜 𝑣𝑣𝑒𝑒𝑎𝑎𝑎𝑎𝑒𝑒𝑙𝑙𝑎𝑎)(𝑢𝑢𝑜𝑜.𝑜𝑜𝑜𝑜 𝑝𝑝𝑜𝑜𝑙𝑙𝑡𝑡𝑎𝑎ℎ𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑑𝑑 𝑜𝑜𝑢𝑢𝑙𝑙𝑙𝑙 𝑝𝑝𝑜𝑜𝑤𝑤𝑒𝑒𝑎𝑎−𝑢𝑢𝑜𝑜.𝑜𝑜𝑜𝑜 𝑎𝑎𝑚𝑚𝑡𝑡𝑢𝑢𝑒𝑒 𝑜𝑜𝑜𝑜𝑎𝑎𝑚𝑚 𝑝𝑝𝑜𝑜𝑙𝑙𝑡𝑡𝑎𝑎ℎ𝑒𝑒𝑎𝑎𝑎𝑎)           Equation 3.38 
 
Acid & Caustic Costs 
The cost savings afforded by amine-form operation are computed based on the cost of 
cation resin regenerant chemical, sulfuric acid, the neutralization chemical, sodium hydroxide, 
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and the number of cation resin regenerations eliminated each month. The cation resin 
regeneration process uses 396 gallons of 93 weight-percent sulfuric acid, at a price per gallon 
computed by the Unit Price sheet. It takes about twice as much 50 weight-percent sodium 
hydroxide to neutralize, roughly 792 gallons, also computed by the Unit Price sheet. The Acid & 
Caustic Costs sheet is also tied into the Resin Loading sheet, from which is obtained the data 
on polisher swaps per month, and with it the number of cation resin regenerations that will be 
performed. A base case of zero amine-form polishers is used to arrive at the cost savings 
realized by amine-form polisher operations. 
 
Ethanolamine Costs 
Each condensate polisher charge consists of 80 ft3 cation resin, with a total exchange 
capacity of 2.0 equivalents per liter. Ethanolamine has a formula weight of 61 grams per mole, 
and, being monovalent, has a normality of 1 equivalent per mole. Based on the condition that 
the cation resin will be fully saturated with ethanolamine when removed from service, it will have 
adsorbed about 609 pounds of ethanolamine. This value is multiplied by the unit price of 
ethanolamine to determine the cost per cation resin regeneration. The monthly cost is computed 
based on the number of cation resin regenerations performed per month at each of the Millstone 
Units. As with Acid & Caustic Costs, a base case of zero amine-form polishers is used to arrive 
at the cost savings realized by amine-form polisher operations. 
 
Nitrogen Loading 
Each pound of ethanolamine contains 14 pounds of nitrogen. The 609 pounds of 
ethanolamine adsorbed by the cation resin during each HOH-form run gets regenerated off of 
the stationary phase and subsequently discharged to Long Island Sound. The State of 
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Connecticut’s Department of Energy and Environmental Protection (DEEP) seeks to minimize 
the amount of nitrogen-bearing compounds discharged to Long Island Sound to mitigate a 
condition of aquatic hypoxia whereby nitrogen reacts with dissolved oxygen, removing the 
oxygen from solution creating oxygen-depleted zones that cannot sustain life. The Nitrogen 
Loading sheet computes the mass of nitrogen discharged to Long Island Sound based on the 
number of cation resin regenerations performed each month. A base case of zero amine-form 
polishers is used to compare the savings in nitrogen mass realized by amine-form polisher 
operations. 
Data on cost savings and nitrogen loading will be presented in Chapter 6. 
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Chapter 4: Experimental Procedures and Apparatus 
The feasibility of amine-form, high mobile phase pH operation of the condensate 
polishers was evaluated on a bench-top scale. The experiments focused on three primary 
areas. The first was to test the ability to regenerate the anion resins with a 10 weight-percent 
solution of sulfuric acid to strip all incipient chloride from the stationary phase, followed by an 
assessment of the ability of an 8 weight percent solution of sodium hydroxide to remove the 
sulfate, leaving the anion resins in the desired hydroxide ion-form. The second was to use a 
solution of ethanolamine to convert the anion, and its companion cation resin, into the amine-
form and monitor the purity of the effluent. This would determine if the amine-form configuration 
was compatible with plant process limits for sodium and chloride. Additionally, the feed solution 
ethanolamine concentration was changed and fresh resin mixtures were aminated for the 
purpose of evaluating breakthrough behavior and determining values for the rate constant 
described by Equation 3.8. Lastly, the amine-form resin was subject to an influent solution that 
would be present during a tube leak in the main condenser. During a tube leak, ultimate heat 
sink fluid (seawater) enters the secondary plant upstream of the condensate polishers. This was 
done to determine the removal efficiency of the amine-form mixture, for comparison with the 
removal efficiency of resins configured in the HOH-form 
 
4.1 Test Column Design 
Anion Resin Regeneration with Sulfuric Acid and Sodium Hydroxide 
To appropriately test the regeneration processes that would be applied to the anion 
resins, it was necessary for the test column to replicate the conditions of resin height and 
regenerant flow rate that would be used for the full scale application. The regeneration tanks at 
the Millstone Condensate Polishing Facilities have an inside diameter of 7 feet, and regenerant 
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is applied at a rate of about 40 GPM. The amount of anion resin used with each polisher charge 
is 120 ft3, corresponding to a height inside the regeneration vessel of approximately 3 feet. The 
40-GPM regenerant flow rate corresponds to 0.045 bed volumes per minute (BVM). The bench-
scale columns employed in this testing had an inside diameter of one inch. A spreadsheet 
program was used to compute the requisite volume of anion resin to be added to the test 
column to match the resin height and BVM of the full-scale process. Summary data is presented 
as follows: 
Regeneration Tank Inside Diameter: 7 feet 
Regeneration Tank Inside Surface Area: 38.5 ft2 
Regeneration Tank Anion Resin Volume: 120 ft3 
Anion Resin Height in Regeneration Tank: 3.1 feet 
Regenerant Flow Rate: 40 GPM = 0.045 BVM 
Test Column Inside Diameter: 1 inch = 0.083 feet 
Test Column Inside Surface Area: 0.0055 ft2 
Test Column Anion Resin Volume: 482 mL 
Test Column Flow Rate: 21 mL per minute = 0.045 BVPM 
 
4.2 On-Line Polisher Operation 
The condensate polishers at Millstone have an inside diameter of 8 feet, contain a 
mixture of 80 ft3 of cation resin and 120 ft3 of anion resin, and during 100% power operations 
have a flow rate of about 3,000 GPM. The requisite properties for the bench-scale testing were 
determined using the same process as the regeneration test column, with summary information 
presented as follows: 
Polisher Inside Diameter: 8 feet 
Polisher Inside Surface Area: 50.3 ft2 
Polisher Resin Volume: 200 ft3 
Resin Height in Polisher: 4 feet 
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Polisher Flow Rate: 3,000 GPM = 2 BVM 
Test Column Inside Diameter: 1 inch = 0.083 feet 
Test Column Inside Surface Area: 0.0055 ft2 
Test Column Cation Resin Volume: 246 mL 
Test Column Anion Resin Volume: 369 mL 
Test Column Flow Rate: 1.2 liters per minute = 2 BVPM 
 
4.3 Apparatus for Regeneration Tests 
The apparatus used for testing the acid-anion and caustic-anion applications is shown in 
Figure 4.1. The test column was loaded with 482 mL of standard anion resin and filled with 
demineralized water. The regenerant tank was filled with 500 mL of regenerant: 10% sulfuric 
acid for the acid-anion test and 8 weight-percent, ultra-low chloride sodium hydroxide for the 
caustic-anion test. A pump with flow meter was connected between the regenerant tank and the 
test column. Test column effluent was directed to a waste container, which facilitated the 
collection of samples. 
waste
ANION
RESIN
Regenerant
Regenerant 
pump
flow
 
Figure 4.1 – Apparatus for Resin Regeneration Tests 
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4.4 Apparatus for Polisher Tests 
A diagram of the polisher test apparatus is provided in Figure 4.2. 
 
wasteMIXEDRESIN
flow
CATION
RESIN
flow
cc cc
sodium
IC
ETA or 
Seawater
Main 
Condensate
pressure-reducing valve
ion 
chromatograph
 
Figure 4.2 – Apparatus for Polisher Tests 
 
Referring to Figure 4.2, 246 mL of standard, regenerated cation resin is mixed with 369 
mL of the low-chloride anion resin produced by the acid-anion process, then mixed and 
transferred to the test column labeled “MIXED RESIN.” This volume mixture represents the 1:1 
equivalent mixture used by the full-scale resin charges. Since the analyses for chloride and 
sulfate are conducted with an ion chromatograph that utilizes a concentrating method, it is 
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necessary to neutralize the pH of the mixed resin effluent once it begins to exhaust on 
ethanolamine. This is accomplished by placing a column filled with standard cation resin in the 
hydrogen form on the mixed resin test column effluent. That column is labeled as “CATION 
RESIN.” Both columns were filled with demineralized water after resin loading. Conductivity 
cells, labeled as “cc” were installed on the effluent of each column to monitor water quality. 
Sample tap-offs with isolation valves are provided on the effluent of each column for grab 
sample collection and analyses. Part of the mixed resin test column effluent was diverted to a 
sodium analyzer that utilized a specific ion electrode methodology. A portion of the effluent of 
the cation resin column was directed to an in-line ion chromatograph, with the rest sent to a 
waste collection tank. The requisite 1.2 LPM flow rate of main condensate was initiated by a 
pressure reducing valve connected to the main condensate header of the plant, with flow rate 
measured by an installed liquid flow meter. This fluid was used to convert the mixed resin from 
the HOH-form to the amine-form. Because the testing was conducted prior to implementation of 
full-scale amine-form operations, the concentration of ethanolamine in the main condensate was 
limited to 1.2 PPM, but for large periods of time ranged from 0.5 to 1 PPM. To conduct the 
testing needed to develop a process rate constant, it was necessary to provide a means of 
increasing the process ethanolamine concentration. To that end, a tank with concentrated 
ethanolamine was installed upstream of the mixed resin test column. This same tank was used 
for evaluating the removal efficiency of the resins during a seawater intrusion, with the 
ethanolamine being replaced with seawater taken from Long Island Sound. The only treatment 
of the seawater was mechanical filtration to prevent fouling of the injection line. 
 
4.5 Testing Regimen 
The testing was conducted in three phases. The first phase included the sulfuric acid 
application to the standard anion, with ten bed volumes of 10% sulfuric acid processed through 
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the resin. Prior to loading the column, one-third of the anion resin was converted to the chloride 
form by way of rinsing with a 10% hydrochloric acid solution. This was done to ensure that 
detectable levels of chloride would be present in the effluent stream, knowing that large dilutions 
would be made to the samples prior to analysis on the ion chromatograph. Test column effluent 
samples were drawn periodically during the acid application. These samples were analyzed for 
chloride by a bench ion chromatograph, and a bed volume-concentration profile was generated. 
The now sulfate-form anion resin was rinsed with twenty bed volumes of demineralized water, 
and then subjected to regeneration with sodium hydroxide. Samples were drawn perioodically, 
and analyzed by an ion chromatograph for sulfate concentration. A bed volume-concentration 
profile was generated. The now hydroxide-form resin was rinsed with 20 bed volumes to ensure 
removal of any remnant sodium hydroxide. This was done to prevent contamination with sodium 
of the cation resin to be used in the amine-form conversion testing. Still, the treated anion resin 
was mixed with standard, hydrogen-form cation resin and allowed to soak 12 hours to allow any 
remnant sodium to diffuse into the cation resin. Thereafter, the resin mixture was backwashed 
to separate the anion from the cation. The anion resin was then extracted, and the cation was 
regenerated with 10% sulfuric acid, rinsed, and retained for use. A sample of the hydroxide-form 
anion was extracted and subjected to total chloride analysis to determine the resin fraction in 
the chloride form. Multiple batches of standard anion resins were treated in this manner to 
provide a sufficient volume of ultra-low chloride anion for the amine-form testing phase. 
The second phase of testing consisted of converting a mixture of the ultra-low chloride 
anion resin and standard, hydrogen-form cation to the amine-form at various feed 
concentrations of ethanolamine. In-line monitors and grab sample analyses provided data on 
effluent raw conductivity, sodium, ethanolamine, chloride, and sulfate throughout the process. 
Three different feed solutions were used: 2.6 µS/cm (0.61 PPM ETA); 2.85 µS/cm (0.73 PPM 
95 
 
ETA); and 3.3 µS/cm (0.95 PPM ETA). Time-conductivity and time-concentration profiles of the 
measured values were compared to those predicted by the equations derived in Chapter 2.  
Subsequent to conversion to the amine form, seawater was injected into the feed stream at a 
rate that corresponded to a single tube rupture (about 5 GPM at full scale conditions). During 
the seawater test, the amine-form resin was operated to exhaustion with respect to the 
constituents in seawater. This experiment was repeated with new charges of amine-form resins 
for seawater intrusions of 15 GPM and 20 GPM. For comparison purposes, the seawater 
injection test was applied to a similar mixture of anion and cation resins, with the cation 
operated in the standard hydrogen form, and the anion in the standard hydroxide form. The 
collected data was analyzed from the perspective of removal efficiency, RE as a function of 
resin exhaustion to this new solution being presented to the influent. The removal efficiency is 
computed using Equation 4.1, and the exhaustion is computed with Equation 4.2.. 
𝑅𝑅𝑇𝑇 = 𝐶𝐶𝐴𝐴𝐼𝐼𝑁𝑁𝐼𝐼−𝐶𝐶𝐴𝐴𝐸𝐸𝐼𝐼𝐼𝐼
𝐶𝐶𝐴𝐴𝐼𝐼𝑁𝑁𝐼𝐼
= 1 − 𝐶𝐶𝐴𝐴𝐸𝐸𝐼𝐼𝐼𝐼
𝐶𝐶𝐴𝐴𝐼𝐼𝑁𝑁𝐼𝐼
                                                           Equation 4.1 
𝑇𝑇𝐸𝐸𝐻𝐻 = 𝑡𝑡𝑢𝑢𝑡𝑡𝑑𝑑𝑡𝑡𝑎𝑎𝑙𝑙 𝑐𝑐𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑡𝑡𝑑𝑑𝑐𝑐−𝑎𝑎𝑒𝑒𝑚𝑚𝑎𝑎𝑡𝑡𝑢𝑢𝑡𝑡𝑢𝑢𝑎𝑎 𝑐𝑐𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑡𝑡𝑑𝑑𝑐𝑐
𝑡𝑡𝑢𝑢𝑡𝑡𝑑𝑑𝑡𝑡𝑎𝑎𝑙𝑙 𝑐𝑐𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑡𝑡𝑑𝑑𝑐𝑐 = 1 − 𝑎𝑎𝑒𝑒𝑚𝑚𝑎𝑎𝑡𝑡𝑢𝑢𝑡𝑡𝑢𝑢𝑎𝑎 𝑐𝑐𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑡𝑡𝑑𝑑𝑐𝑐𝑡𝑡𝑢𝑢𝑡𝑡𝑑𝑑𝑡𝑡𝑎𝑎𝑙𝑙 𝑐𝑐𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝑡𝑡𝑑𝑑𝑐𝑐          Equation 4.2 
The initial capacity is fixed by the total exchange capacity of the resin, multiplied by the 
volume of resin. The remaining capacity is that left as the high-concentration influent solution 
passes through the resin column. 
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Chapter 5: Experimental Results 
5.1 Acid-Anion Tests 
Three distinct tests were conducted with the following conditions: anion resin chloride 
fraction, 𝛼𝛼𝐶𝐶𝑙𝑙−  = 0.33; anion resin volume = 482 mL; and regenerant flow rate = 21 mL per 
minute = 0.045 BVPM. Test data is provided in Table 5.1. 
 
Table 5.1 Acid-Anion Test Data 
The predicted concentrations, based on Equations 2.17 and 3.4, were plotted against 
the empirical data from the acid-anion test. The results are given in Figures 5.1, 5.2, and 5.3. 
 
 
Test 1 Test 2 Test 3
time, 
minutes
bed 
volumes
chloride, 
PPM
time, 
minutes
bed 
volumes
chloride, 
PPM
time, 
minutes
bed 
volumes
chloride, 
PPM
0.0 0.000 0 0.0 0.000 0 0.0 0.000 0
7.2 0.324 1004 7.0 0.316 7787 5.0 0.225 8958
14.4 0.648 7729 13.9 0.626 8000 14.1 0.635 8512
21.6 0.972 6083 21.0 0.945 6083 20.9 0.941 5734
28.8 1.296 4127 28.3 1.271 5400 28.8 1.296 4552
36.0 1.620 3056 35.4 1.591 2900 35.0 1.575 2900
43.2 1.944 1544 42.8 1.927 1550 44.0 1.980 1344
50.4 2.268 813 50.8 2.287 800 51.0 2.295 789
57.6 2.592 407 57.9 2.606 475 58.0 2.610 438
64.8 2.916 171 64.8 2.916 300 65.0 2.925 227
72.0 3.240 84 72.0 3.240 122 72.0 3.240 71
86.4 3.888 0 86.0 3.870 0 86.0 3.870 0
100.8 4.536 0 100.5 4.522 0 100.0 4.500 0
115.2 5.184 0 114.9 5.170 0 114.0 5.130 0
129.6 5.832 0 129.6 5.831 0 128.0 5.760 0
144.0 6.479 0 144.0 6.479 0 145.0 6.525 0
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Figure 5.1 – Acid-Anion Test 1 Modeled vs. Measured Chloride 
 
 
 
Figure 5.2 – Acid-Anion Test 2 Modeled vs. Measured Chloride 
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Figure 5.3 – Acid-Anion Test 3 Modeled vs. Measured Chloride 
 
Acid-Anion Test Conclusions 
A 10% by weight solution of sulfuric acid is an effective regenerant for removing chloride 
from the stationary phase of standard anion resin. Essentially all chloride is removed, illustrating 
the eluting power of the divalent sulfate ion. It is likely that thermal effects enhanced the 
regeneration as the acid came in contact with hydroxide ions attached to the functional groups, 
though no attempt was made to quantify this theory. Reactions between strong acids and strong 
bases are exothermic, and the test column did become warm to the touch. The surface 
temperature was not recorded. The model developed to describe chloride elution by sulfate was 
accurate, given the observed correlation between the empirical data and that predicted by the 
model. 
 
 
0
1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
9,000
10,000
0.0 0.5 1.0 1.5 2.0 2.5 3.0
ch
lo
rid
e,
 P
PM
 
cumulative bed volumes throughput 
modeled
measured
99 
 
5.2 Caustic-Anion Tests 
Three distinct tests were conducted using the sulfate-form anion resin generated in the 
acid-anion testing. Test data is provided in Table 5.2 
 
Table 5.2 – Caustic-Anion Test Data 
Test 1 Test 2 Test 3
time, 
minutes
bed 
volumes
sulfate, 
PPM
time, 
minutes
bed 
volumes
sulfate, 
PPM
time, 
minutes
bed 
volumes
sulfate, 
PPM
0.0 0 0 0.0 0.000 0 0.0 0.000 0
4.7 0.210 10,000 5.0 0.225 12,261 5.0 0.225 8,958
9.8 0.440 27,000 10.0 0.450 24,999 7.5 0.338 15,821
14.4 0.648 30,000 15.0 0.675 32,109 10.0 0.450 23,513
21.6 0.972 26,700 20.0 0.900 29,980 12.5 0.563 29,101
28.8 1.296 14,100 30.0 1.350 25,011 15.0 0.675 29,546
36.0 1.620 9,060 40.0 1.800 15,474 20.0 0.900 29,232
43.2 1.944 6,220 50.0 2.250 6,000 25.0 1.125 21,000
50.4 2.268 4,500 60.0 2.700 1,011 30.0 1.350 18,750
57.6 2.592 3,240 75.0 3.375 392 50.0 2.250 4,000
64.8 2.916 1,490 90.0 4.050 201 70.0 3.150 989
72.0 3.240 1,020 105.0 4.725 82 90.0 4.050 745
86.4 3.888 728 120.0 5.400 39 110.0 4.950 202
100.8 4.536 544 135.0 6.075 12 130.0 5.850 36
115.2 5.184 368 150.0 6.750 0 150.0 6.750 0
129.6 5.832 34 165.0 7.425 0 170.0 7.650 0
144.0 6.479 14 180.0 8.100 0 210.0 9.450 0
259.2 11.663 0 210.0 9.450 0 240.0 10.800 0
288.0 12.959 0 240.0 10.800 0 270.0 12.150 0
374.4 16.847 0 270.0 12.150 0 300.0 13.500 0
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Figure 5.4 -- Caustic-Anion Test 1 Modeled vs. Measured Sulfate 
 
 
Figure 5.5 -- Caustic-Anion Test 2 Modeled vs. Measured Sulfate 
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Figure 5.6 -- Caustic-Anion Test 3 Modeled vs. Measured Sulfate 
 
Caustic-Anion Test Conclusions 
Sodium hydroxide at an 8% by weight concentration is a demonstrably effective 
regenerant for standard anion with respect to sulfate removal from the stationary phase. The 
entire mass of sulfate adsorbed by the resin during the acid-anion tests was removed by the 
caustic application. The model developed to describe sulfate elution by hydroxide was accurate, 
given the observed correlation between the empirical data and that predicted by the model. The 
ion chromatography method used for sulfate analysis also analyzes for chloride, and no chloride 
was detected in any sample. This provides additional assurance that the acid-anion 
regeneration removed all chloride, and that the ultra-low chloride sodium hydroxide truly is ultra-
low in chloride content. As will be described in Chapter 6, the combined acid-anion and caustic-
anion regeneration process was just as effective in the full-scale application as it was during this 
testing. This enabled the plant to achieve its resin chloride fraction goal of 0.00057, a necessary 
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condition for the amine-form/ethanolamine elevation campaign that would lead to reduced iron 
transport in the secondary cycle. 
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5.3 Amine-Form Conversion Tests 
5.3.1 Amine Breakthrough Curves 
The test data is presented in Table 5.3. The volumetric throughput data was scaled from 
bed volumes to million gallons (MM) as a prelude to the full-scale conversions. 
 
Table 5.3 – Amine Conversion Test Conductivity Data 
The data from the period of start of amine break to equilibrium with the feed solution was 
linearized, plotted, and subjected to regression analyses, as described in Equation 3.8. The 
results are provided in Figures 5.7, 5.8, and 5.9. 
Feed = 2.6 µS/cm Feed = 2.85 µS/cm Feed = 3.3 µS/cm
CUM 
GAL, MM
effluent 
cond., 
µS/cm
CUM 
GAL, MM
effluent 
cond., 
µS/cm
CUM 
GAL, MM
effluent 
cond., 
µS/cm
1.2 0.078 59.6 0.115 7.6 0.058
10.4 0.063 64.1 0.091 11.8 0.058
32.5 0.065 68.7 0.082 17.1 0.057
37.2 0.09 76.1 0.078 21.3 0.058
41.7 0.532 80.1 0.11 23.4 0.058
46.3 1.451 84.8 0.94 27.9 0.058
63.8 2.63 90.0 2.03 37.7 0.057
68.3 2.76 92.2 2.33 56.9 0.056
77.9 2.62 95.6 2.72 66.2 0.115
100.6 3.04 71.7 0.41
106.9 2.76 76.6 0.98
111.5 2.82 81.1 1.59
117.0 2.73 84.8 2.01
122.9 2.82 90.2 2.43
139.5 2.85 94.0 2.75
144.4 2.72 99.2 3.09
103.1 2.99
111.2 3.05
115.3 3.26
120.0 3.31
124.8 2.88
131.0 3.21
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Figure 5.7 – Feed Conductivity = 2.6 µS/cm 
 
 
Figure 5.8 – Feed Conductivity = 2.85 µS/cm 
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Figure 5.9 – Feed Conductivity = 3.3 µS/cm 
 
As shown in Figure 5.10, the slope values from the regression analyses were plotted in 
the format of –LOG(slope) as a function of conductivity of the applied feed solutions. This was 
done to provide a reference for future forays into the amine-form in which the ethanolamine 
concentration, and conductivity, of the main condensate will be higher than the 
concentrations/conductivities bound by these experiments.  
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Figure 5.10 -- -LOG(slope) as a Function of Conductivity of Polisher Influent Solution 
The value for the breakthrough process rate constant, k, described by Equation 3.8, was 
computed as previously described, then fed back into Equation 2.31, with the resultant modeled 
values plotted against the empirical data presented in Table 5.3. That data is provided 
graphically in Figures 5.11, 5.12, and 5.13. 
 
Figure 5.11 – Measured vs. Modeled Breakthrough Conductivity; Feed = 2.6 µS/cm 
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Figure 5.12 – Measured vs. Modeled Breakthrough Conductivity; Feed = 2.85 µS/cm 
 
 
Figure 5.13 – Measured vs. Modeled Breakthrough Conductivity; Feed = 3.3 µS/cm 
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5.3.2 Chloride and Sodium during Amine Breakthrough 
The chloride and sodium data from the breakthrough tests is presented in Table 5.4.  
 
Table 5.4 – Chloride and Sodium Data during Amine Breakthrough Testing 
Equations 2.8, 2.23, and 3.7 were employed to compute the effluent chloride and sodium 
concentrations, congruent with the increasing ethanolamine concentration and pH in the mobile 
Feed = 2.6 µS/cm Feed = 2.85 µS/cm Feed = 3.3 µS/cm
CUM 
GAL, MM
effluent 
chloride, 
PPB
effluent 
sodium, 
PPB
CUM 
GAL, MM
effluent 
chloride, 
PPB
effluent 
sodium, 
PPB
CUM 
GAL, MM
effluent 
chloride, 
PPB
effluent 
sodium, 
PPB
1.2 0 0 59.6 0 0 0.0 0 0
10.4 0.001 0 64.1 0.001 0 7.6 0 0
32.5 0.0008 0 68.7 0.0008 0.001 11.8 0 0
37.2 0.002 0.002 76.1 0.002 0.002 17.1 0 0
41.7 0.003 0.039 80.1 0.003 0.002 21.3 -- 0
46.3 0.006 0.04 84.8 0.006 0.007 23.4 -- 0
63.8 0.009 0.074 90.0 0.009 0.009 27.9 -- 0
68.3 0.0085 0.071 92.2 0.0085 0.014 37.7 0.00087 0
77.9 0.0101 0.0789 95.6 0.0101 0.013 56.9 0.0009 0.001
100.6 0.012 0.012 66.2 0.0015 0.0015
106.9 0.011 0.02 71.7 0.0035 0.0035
111.5 0.0115 0.022 76.6 0.0042 0.0055
117.0 0.0109 0.019 81.1 0.006 0.006
122.9 0.011 0.021 84.8 0.0067 0.001
139.5 0.0104 0.018 90.2 0.0089 0.015
144.4 0.01189 0.0189 94.0 0.011 0.011
99.2 0.015 0.028
103.1 0.009 0.033
111.2 0.0125 0.027
115.3 0.0144 0.025
120.0 0.0151 0.026
124.8 0.0142 0.028
131.0 0.0142 0.026
136.0 0.0153 0.025
145.9 0.0137 0.025
153.2 0.0141 0.023
109 
 
phase. Figures 5.14 through 5.19 show the concentrations predicted by the equations, versus 
the empirical data collected during the tests. 
 
Figure 5.14 – Test Column Effluent Chloride; Feed Ethanolamine = 0.61 PPM 
 
Figure 5.15 – Test Column Effluent Sodium; Feed Ethanolamine = 0.61 PPM 
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Figure 5.16 – Test Columns Effluent Chloride; Feed ETA = 0.73 PPM 
 
 
Figure 5.17 – Test Column Effluent Sodium; Feed ETA = 0.73 PPM 
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Figure 5.18 – Test Column Effluent Chloride; Feed ETA = 0.95 PPM 
 
 
Figure 5.19 – Test Column Effluent Sodium; Feed ETA = 0.95 PPM 
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Amine Breakthrough Test Conclusions 
The observed close adherence of the empirical data to that predicted by the ion 
exchange models, shows that the Thomas Equation was a good choice for predicting amine 
breakthrough behavior. Testing at three different concentrations of ethanolamine in the feed 
solution provided a means of estimating the process rate constant. This provides a means of 
computing breakthrough behavior for full scale applications at higher concentrations of 
ethanolamine. Of high benefit is the demonstrated ability to apply the amine breakthrough 
model to the chloride and sodium ion exchange models and accurately predict effluent 
concentrations of these limiting constituents. This capability, mated to the SG ODE model, was 
used to predict steam generator sodium and chloride concentrations throughout the full-scale 
amine-form campaign.  
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5.4 Removal Efficiency during Seawater Intrusion 
Test Data is presented in Table 5.5. 
 
Table 5.5 – Seawater Intrusion Test Data 
5 GPM Seawater Intrusion 15 GPM Seawater Intrusion 20 GPM Seawater Intrusion
Amine-Form HOH-Form Amine-Form Amine-Form
Cation 
Percent 
Exhausted
Sodium 
Removal 
Efficiency 
(%)
Cation 
Percent 
Exhausted
Sodium 
Removal 
Efficiency 
(%)
Cation 
Percent 
Exhausted
Sodium 
Removal 
Efficiency 
(%)
Anion 
Percent 
Exhausted
Chloride 
Removal 
Efficiency  
(%)
Cation 
Percent 
Exhausted
Sodium 
Removal 
Efficiency 
(%)
Anion 
Percent 
Exhausted
Chloride 
Removal 
Efficiency  
(%)
0.00 100.00 0.00 100.00 0.00 100.00 0.00 0.00 100.00 0.00 100.00
0.98 100.00 0.74 100.00 3.27 100.00 0.79 3.51 100.00 1.05 99.99
1.96 100.00 1.48 100.00 4.03 100.00 1.58 4.53 100.00 2.10 99.99
2.94 100.00 2.22 100.00 4.80 100.00 2.38 5.54 100.00 3.15 99.98
3.92 100.00 2.96 100.00 5.57 100.00 3.17 99.99 6.55 100.00 4.20 99.98
4.90 99.99 3.70 100.00 6.34 100.00 3.96 7.57 99.99 5.25 99.97
5.88 99.99 4.44 100.00 7.10 100.00 4.75 8.58 99.99 6.29 99.97
6.86 99.99 5.18 100.00 7.87 100.00 5.54 9.59 99.99 7.34 99.95
7.84 99.99 5.92 100.00 8.64 100.00 6.34 10.60 99.99 8.39 99.93
8.82 99.99 6.66 100.00 9.41 100.00 7.13 99.99 11.62 99.99 9.44 99.92
9.80 99.99 7.40 100.00 10.17 100.00 7.92 12.63 99.99 10.49 99.90
10.78 99.99 8.14 100.00 10.94 100.00 8.71 13.64 99.99 11.54 99.89
11.76 99.99 8.88 100.00 11.71 100.00 9.51 99.99 14.66 99.99 12.59 99.85
12.74 99.99 9.62 100.00 12.48 100.00 10.30 15.67 99.99 13.64
13.72 99.99 10.36 100.00 13.24 100.00 11.09 16.68 99.99 14.69
14.70 99.99 11.10 100.00 14.01 100.00 11.88 17.70 99.99 15.74
15.68 99.99 11.84 100.00 14.78 100.00 12.67 18.71 99.99 16.78
16.66 99.99 12.58 100.00 15.55 100.00 13.47 19.72 99.99 17.83
17.64 99.99 13.32 100.00 16.31 100.00 14.26 99.97 20.73 99.99 18.88 99.73
18.62 99.99 14.06 99.99 17.08 100.00 15.05 21.75 99.99 19.93
19.60 99.99 14.80 99.99 17.85 99.99 15.84 22.76 99.99 20.98
23.51 99.99 15.54 99.99 18.62 99.99 16.63 26.81 99.99 25.18 99.70
24.49 99.99 16.28 99.99 19.38 99.99 17.43 27.83 99.99 26.23
28.41 99.98 17.02 99.99 20.15 99.99 18.22 31.88 99.98 30.42
29.39 99.98 17.76 99.99 20.92 99.99 19.01 99.92 32.89 99.98 31.47 99.34
30.37 99.98 18.50 99.99 21.68 99.99 19.80 33.90 99.98 32.52
34.29 99.97 19.24 99.99 22.45 99.99 20.59 37.96 99.97 36.72
35.27 99.97 19.98 99.99 23.22 99.99 21.39 38.97 99.97 37.77 99.08
36.25 99.96 20.72 99.99 23.99 99.99 22.18 39.98 99.96 38.82
40.17 99.93 21.46 99.99 24.75 99.99 22.97 44.03 99.93 43.01
41.15 99.91 22.20 99.99 25.52 99.99 23.76 99.91 45.05 99.91 44.06
42.13 99.90 22.94 100.00 26.29 100.00 24.56 46.06 99.90 45.11
43.11 99.87 23.68 100.00 27.06 100.00 25.35 47.07 99.88 46.16
44.09 99.85 24.42 100.00 27.82 100.00 26.14 48.09 99.86 47.21
46.05 99.77 25.16 100.00 28.59 100.00 26.93 50.11 99.78 49.31
47.03 99.73 25.90 100.00 29.36 100.00 27.72 51.13 99.74 50.35 98.97
48.01 99.68 26.64 100.00 30.13 100.00 28.52 99.91 52.14 99.69 51.40
48.99 99.61 27.38 100.00 30.89 100.00 29.31 53.15 99.62 52.45
49.97 99.52 28.12 100.00 31.66 100.00 30.10 54.17 99.53 53.50
50.95 99.42 28.86 100.00 32.43 100.00 30.89 55.18 99.44 54.55
51.93 99.28 29.60 100.00 33.20 100.00 31.68 56.19 99.30 55.60
52.91 99.11 30.34 100.00 33.96 100.00 32.48 57.20 99.14 56.65 97.45
53.89 98.92 31.08 100.00 34.73 100.00 33.27 99.87 58.22 98.96 57.70
54.87 98.67 31.82 100.00 35.50 100.00 34.06 59.23 98.72 58.75
55.85 98.39 32.56 100.00 36.27 100.00 34.85 60.24 98.45 59.80
56.83 97.99 33.30 100.00 37.03 100.00 35.64 61.26 98.06 60.85
57.81 97.51 34.04 100.00 37.80 100.00 36.44 62.27 97.60 61.89
58.79 97.07 34.78 100.00 38.57 100.00 37.23 63.28 97.17 62.94
59.77 96.41 35.52 100.00 39.33 100.00 38.02 64.30 96.53 63.99
60.75 95.69 39.96 100.00 43.94 100.00 42.77 65.31 95.84 65.04
61.73 95.10 42.18 100.00 46.24 100.00 45.15 66.32 95.27 66.09
62.70 94.41 44.40 99.99 48.54 99.99 47.53 67.34 94.60 67.14
63.68 93.90 46.62 99.78 50.85 99.79 49.90 68.35 94.11 68.19
64.66 93.18 48.84 99.44 53.15 99.46 52.28 69.36 93.41 69.24
67.60 91.60 51.06 99.19 55.45 99.22 54.66 72.40 91.88 72.38
69.56 89.95 53.28 99.01 57.75 99.04 57.03 99.72 74.43 90.29 74.48
70.54 89.29 55.50 98.02 60.05 98.09 59.41 75.44 89.65 75.53 90.33
71.52 88.88 57.72 97.03 62.36 97.14 61.78 76.45 89.26 76.58
72.50 87.73 59.94 96.24 64.66 96.38 64.16 77.47 88.14 77.63
73.48 87.15 62.16 94.76 66.96 94.95 66.54 78.48 87.59 78.68
74.46 86.00 64.38 93.81 69.26 94.04 68.91 79.49 86.47 79.73
75.44 85.01 66.60 93.03 71.57 93.29 71.29 80.50 85.52 80.78
76.42 84.02 68.82 91.84 73.87 92.14 73.67 81.52 84.56 81.83
77.40 82.54 71.04 87.00 76.17 91.39 76.04 82.53 83.13 82.88
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The test data is plotted in Figures 5.20, 5.21, and 5.22. 
 
Figure 5.20 – Seawater Removal Efficiency as a Function of Resin Exhaustion during a 5 GPM 
Intrusion: Amine Form vs. HOH-Form 
 
 
Figure 5.21 – Seawater Removal Efficiency as a Function of Resin Exhaustion during a 15 GPM 
Intrusion: Amine-Form Only 
 
 
80
85
90
95
100
105
0 20 40 60 80 100
re
m
ov
al
 e
ffi
ci
en
cy
, %
 
percent exhaustion 
amine form
HOH form
80
85
90
95
100
105
0 20 40 60 80 100
re
m
ov
al
 e
ffi
ci
en
cy
, %
 
percent resin exhaustion 
sodium
chloride
115 
 
 
Figure 5.22 – Seawater Removal Efficiency as a Function of Resin Exhaustion during a 20 GPM 
Intrusion: Amine-Form Only 
 
All three tests showed that impurity removal efficiency degrades rapidly near the 50% 
exhaustion point. This is attributable to the accompanying reduction in the height of the bed, 
relative to the influent contaminant, as described by Harries & McNulty in Equation 5.1 (33, 34). 
𝐶𝐶𝑇𝑇𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐼𝐼𝑁𝑁𝐸𝐸 ∗ 𝑎𝑎�−6∗𝐺𝐺∗𝐴𝐴∗𝑅𝑅∗(1−𝜀𝜀)∗𝑘𝑘𝐼𝐼∗𝑑𝑑 �                                                         Equation 5.1 
with 
𝐶𝐶𝑇𝑇𝐸𝐸𝐸𝐸 = effluent concentration, PPB 
𝐶𝐶𝐼𝐼𝑁𝑁𝐸𝐸 = influent concentration, PPB 
L = bed depth, meters 
A = cross-sectional area, m2 
R = volume fraction in regenerated form 
𝜀𝜀 = void fraction 
k = mass transfer coefficient, meters per second 
F = flow rate, m3 per second 
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d = resin bead diameter, m 
 
As explained by Harries & McNulty, and shown in Equation 5.1, mass transfer from the 
liquid phase to the solid phase is a function of the depth of the exchange zone – the smaller 
the zone, the less likely it is that a liquid phase component will be able to engage in the ion 
exchange process before it is transported to the bottom of the column. The seawater test data 
supports this conclusion. It also demonstrated that the amine-form chemical configuration of 
the resins is just as effective as the HOH-form configuration at removing seawater and 
protecting the primary pressure boundary inside the steam generators. Of concern is that even 
with 50% of its capacity in the non-contaminant form remaining, the reduction in bed height is 
sufficient to render the remaining resin ineffective. Thus, in the event of a large seawater 
intrusion, regardless of amine- or HOH-form, the affected Circulating Water bay must be 
identified, isolated, and drained with alacrity.  
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Chapter 6: Scale Up and Operating Experience 
 
6.1 Resin Regenerations 
The acid-anion and caustic-anion regeneration processing of the anion resins was 
adapted to full scale and has been performed countless times at Millstone. For ease of 
reference, this dissertation will describe two distinct resin charges, Millstone Unit 2 charges 1 
and 3, and provide accompanying data and analyses. As described in Chapter 1, Figure 6.1 is a 
picture of the sulfuric acid skid showing the feed tank, regenerant pumps, and dilution water 
mixing tee. Figure 6.2 is a picture of TK-1, the tank in which the acid application to the anion 
resin takes place. 
 
Figure 6.1 – Full-Scale Acid Application Skid 
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Figure 6.2 – TK-1 
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Figure 6.3 and Figure 6.4 show the chloride concentration-volume profiles from the 
regenerations of the two standard anion resin charges, along with that predicted by the 
previously described models. 
 
Figure 6.3 – Resin Charge 1 Chloride-Volume Profile during Acid-Anion Resin Regeneration 
 
 
Figure 6.4 – Resin Charge 3 Chloride-Volume Profile during Acid-Anion Resin Regeneration 
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Following the process described in Chapter 1, the now sulfate-form anion resins were 
segregated in TK-2 and subject to the caustic-anion regeneration process. Figure 6.5 shows the 
caustic application skid and Figure 6.6 shows TK-2. 
 
Figure 6.5 – Caustic Regeneration Skid 
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Figure 6.6 – TK-2 
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Figure 6.7 and Figure 6.8 show the sulfate concentration-volume profiles from the 
regenerations of the two standard anion resin charges that had been regenerated with sulfuric 
acid, along with sulfate concentration profiles predicted by the previously described models. 
 
Figure 6.7 -- Resin Charge 1 Sulfate-Volume Profile during Caustic-Anion Resin Regeneration 
 
 
Figure 6.8 -- Resin Charge 3 Sulfate-Volume Profile during Caustic-Anion Resin Regeneration 
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The collected data affirmed the ability to scale-up the anion resin regeneration 
processes, as well as the ability of the models to predict full-scale behavior. Resin Charge 3 
was selected for the first on-line conversion. As described in Chapter 1, the ultra-low chloride 
anion resin was transferred to TK-3, mixed with its companion cation resin, and allowed to soak 
for 12 hours. The resins were then separated, and the cation resin was regenerated with sulfuric 
acid. Samples of the resins were collected and subjected to impurity-fraction analyses. The 
anion resin was found to have a chloride fraction of 0.00075, very close to the targeted value of 
0.0006. The cation resin sodium fraction was 0.0000225. Resin Charge 3 was then transferred 
to an empty polisher vessel, mixed, filled with demineralized water, and placed in service. 
Figure 6.7 is a picture of the full-scale polisher vessels employed in the plant. 
 
Figure 6.7 – Full-Scale Condensate Polisher Vessels 
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6.2 On-Line Conversion to the Amine-Form 
The germane plant conditions at the time of the first on-line conversion were as follows: 
rate of SGBD = 40 GPM; CPD ETA = 1 PPM; CPD raw conductivity = 3.3 µS/cm; SG chloride = 
0.75 PPB; SG sodium = 0.06 PPB; and SG sulfate = 0.4 PPB.  
Figure 6.8 and 6.9 show the breakthrough behavior of ethanolamine from the perspectives of 
concentration and raw conductivity. The measured data is compared to the values predicted by 
the models. 
 
 
Figure 6.8 – Breakthrough ETA Concentration with On-Line Conversion of Resin Charge 3 
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Figure 6.9 – Breakthrough Raw Conductivity with On-Line Conversion of Resin Charge 3 
 
Figures 6.10 and 6.11 show the modeled versus measured plots of chloride and sodium 
at the effluent of Resin Charge 3. 
 
 
Figure 6.10 – Charge 3 Effluent Chloride during On-Line Conversion 
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Figure 6.11 – Charge 3 Effluent Sodium during On-Line Conversion 
 
The behavior of measured chloride in the effluent of Charge 3 conformed, for the most 
part, with that predicted by the model. The increase and reduction seen between days 10 and 
15, and again at days 22 and 23 was unexpected. The acquisition and analyses of backup 
samples confirmed the values to be accurate. One explanation is that the in-vessel mix of the 
resins was insufficient at establishing a homogeneous mixture, with local pockets of elevated-
pH solutions more forcefully eluting chloride from the stationary phase.  
Figure 6.12 and Figure 6.13 show the concentrations of steam generator chloride and 
sodium predicted by the models, along with the measured values. The predicted values are 
based on the measured resin fractions of chloride and sodium and the corresponding amine-
form polisher effluent concentrations computed by the ion exchange equations, not on the 
measured effluent concentrations of chloride and sodium.  
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Figure 6.12 – Steam Generator Chloride during On-Line Conversion of Charge 3 
 
 
Figure 6.13 – Steam Generator Sodium during On-Line Conversion of Charge 3 
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by sample acquisition at the effluent of a hydrogen-form cation column. That is, there is always 
some sulfate contributed by the functional groups of the cation resin. This could arguably be 
circumvented by drawing a sample of the raw water. However, a sample of the raw water, with 
its elevated pH, interferes with the ion chromatography analyses of standard anions. 
Consequently, sulfate behavior during the on-line conversion was implied by sulfate 
concentration in the steam generator bulk fluid. Referring to Figure 6.14, there was no 
anomalous behavior with respect to sulfate. 
 
Figure 6.14 – Steam Generator Sulfate Concentration during On-Line Conversion of Charge 3 
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The significance of the first on-line conversion to the amine-form is that it demonstrated the 
effectiveness of the unique anion resin regeneration process at reducing stationary phase 
chloride content, and affirmed the accuracy of the ion exchange models and the SG ODE 
model. The station now had a battery of predictive tools that would be used to place additional 
amine-form polishers in service and facilitate the campaign to elevate secondary cycle 
ethanolamine concentration and pH(T), and with it, reduce the corrosion rate of ferrous based 
balance of plant materials. 
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6.3 Ethanolamine Elevation Campaign 
The campaign to increase the ethanolamine concentration of the secondary cycles at 
Millstone Unit 2 and 3 began in 2004 and continues to this day. The data from the campaign is 
presented separately for each Unit from three perspectives: 1) the increase in final feed water 
conductivity, i.e., ethanolamine, versus the number of amine-form polishers in service; 2) the 
time-concentration profile of final feed water iron versus the number of amine-form polishers in 
service; and 3) final feed water iron concentration as a function of final feed water conductivity. 
Thereafter, a correlation is presented encompassing the combined plant data. Figures 6.15 – 
6.17 are associated with Millstone Unit 2 and Figures 6.18 – 6.20 are associated with Millstone 
Unit 3. Figure 6.21 features a correlation chart using the combined data. 
 
 
Figure 6.15 – Millstone Unit 2 Final Feed Water Conductivity vs. Number of Amine-Form 
Polishers in Service 
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Figure 6.16 – Millstone Unit 2 Final Feed Water Iron Concentration vs. Number of Amine-form 
Polishers in Service 
 
 
 
 
Figure 6.17 – Millstone Unit 2 Final Feed Water Iron Concentration as a Function of Final Feed 
Water Conductivity 
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Figure 6.18 – Millstone Unit 3 Final Feed Water Conductivity vs. Number of Amine-form 
Polishers in Service 
 
 
Figure 6.19 – Millstone Unit 3 Final Feed Water Iron Concentration vs. Number of Amine-form 
Polishers in Service 
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Figure 6.20 – Millstone Unit 3 Final Feed Water Iron Concentration as a Function of Final Feed 
Water Conductivity 
 
 
Figure 6.21 – Millstone Final Feed Water Iron Concentration as a Function of Final Feed Water 
Conductivity (Combined Data) 
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6.4 Full Flow Amine Form Operations 
The data on Figure 6.21 beyond the 9 µS/cm mark on the x-axis is associated with full-
flow amine-form polisher operation at Millstone Unit 2. That is, all six of the polishers were 
chemically configured in the amine-form. In the fall of 2010, Millstone Unit 2 initiated its 
approach to establishing final feed water chemistry conditions typically achieved by PWRs with 
RSGs that have fresh water as the ultimate heat sink. These plants do not utilize deep bed 
condensate polishing. Instead, spiral-wound cloth filters are installed on the discharge of the 
main condensate pumps. Absent the removal of secondary treatment chemicals by deep bed 
polishers, the concentrations of these chemicals become elevated. There is an accompanying 
increase in the raw conductivity of the final feed water.  Millstone Unit 2 began the elevation 
campaign by increasing the rate of hydrazine injection. A fraction of the injected hydrazine 
thermally decomposes to ammonia as a result of the elevated temperature of the final feed 
water and the steam generators. As the ammonia partitions to the vapor phase, it gets 
transported from the steam generators to the main condenser, and condenses back to the liquid 
phase. Some additional partitioning between the liquid and vapor phases in the main condenser 
results in the loss of ammonia by way of the steam jet air ejectors. The resultant liquid phase 
ammonia is introduced to the inlet of the amine form polishers and enters into the ion exchange 
reaction sequence between the mobile and stationary phases of the resin. Since the total 
equivalent concentration of chemicals at the inlet has been fractionally increased, so, too is the 
total equivalent concentration at the polisher effluent. This cycle continues until a new steady-
state condition is achieved, one in which the amount of chemicals injected into the secondary 
system by hydrazine, its derivative ammonia, and the higher polisher effluent concentrations, 
are matched by the removal rate of steam generator blow down and main condenser off-
gassing. The net result is an increase in all secondary cycle amines (ethanolamine, ammonia, 
and hydrazine), accomplished solely by increasing the addition rate of hydrazine.  
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Ultimately, Millstone Unit 2 increased the injection rate of hydrazine to achieve a residual 
hydrazine in the final feed water of approximately 85 PPB, equal to the EPRI-mandated 
concentration of eight times the main condensate dissolved oxygen concentration. Prior to this, 
Millstone utilized the exception on final feed water hydrazine granted by EPRI for those plants 
utilizing full-flow, deep-bed condensate polishing. Figure 6.22 depicts the increase in final feed 
water conductivity from the accompanying increase in ammonia and the chromatographic 
displacement of ethanolamine from the amine form polishers. 
 
 
Figure 6.22 – Millstone Unit 2 Final Feed Water Conductivity during Amine Elevation Campaign 
 
Figures 6.23, 6.24, and 6.25 show the time-concentration profiles of the three major 
constituents – hydrazine, ethanolamine, and ammonia, respectively – in the final feed water, 
steam generators, and main condensate that produced the conductivity increase shown in 
Figure 6.22. 
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Figure 6.23 – Millstone Unit 2 Hydrazine Concentration at Various Stream during Amine 
Elevation Campaign 
 
 
Figure 6.24 – Millstone Unit 2 Ethanolamine Concentration at Various Stream during Amine 
Elevation Campaign 
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Figure 6.25 – Millstone Unit 2 Ammonia Concentration at Various Stream during Amine 
Elevation Campaign 
 
Ultimately, the secondary plant did achieve chemical equilibrium, with steady-state 
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produced a modest return on iron reduction. Third, as illustrated in Figure 6.27, the mobile-
phase pH of the main condensate fluid became sufficiently high to start eluting sulfate off the 
stationary phase of the anion resin. 
 
Figure 6.26 – Millstone Unit 2 Final Feed Water Iron Concentration during Amine Elevation 
Campaign 
 
 
Figure 6.27 – Millstone Unit 2 Steam Generator and Condensate Polisher Sulfate 
Concentrations during Amine Elevation Campaign 
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6.5 Iron Reduction Correlation 
The full-flow amine-form polisher and amine elevation campaign was terminated on 
March 29, 2011 in advance of an upcoming refueling outage. Since then Millstone Unit 2 has 
limited its number of amine-form polishers to five, and maintains final feed water conductivity in 
the range of 8 – 9 µS/cm.  
Figure 6.28 is a correlation chart showing final feed water iron concentration as a 
function of final feed water conductivity with the elevated amine-campaign data excluded. The 
data was subject to a power fit using the spreadsheet data analysis function. The correlation 
equation shown on the chart complements the models presented in Chapter 3 and is now being 
used in the plant as a tool for planning and evaluation.  
 
Figure 6.28 – Millstone Station Final Feed Water Iron Concentration as a Function of Final Feed 
Water Conductivity 
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6.6 Empirical Volatility Correlations 
As discussed in Chapter 3, the Steam Generator and Balance of Plant Volatiles model 
was a simplified correlation. With the data added over years of amine-form polisher operation, a 
more comprehensive set of correlations has been generated. Figures 6.29 through 6.34 are 
charts showing Millstone Unit 2 (MP2) steam generator and main condensate concentrations of 
ethanolamine, ammonia, and hydrazine all as a function of the same constituent concentration 
in the final feed water. Figures 6.35 through 6.40 are associated with Millstone Unit 3 (MP3). 
The data was subject to linear regression analysis using the spreadsheet function, with the 
attendant equations shown in the charts. 
 
Figure 6.29 – MP2 Steam Generator Ethanolamine Concentration as a Function of Final Feed 
Water Ethanolamine Concentration 
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Figure 6.30 – MP2 Main Condensate Ethanolamine Concentration as a Function of Final Feed 
Water Ethanolamine Concentration 
 
 
Figure 6.31 – MP2 Steam Generator Ammonia Concentration as a Function of Final Feed Water 
Ammonia Concentration 
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Figure 6.32 – MP2 Main Condensate Ammonia Concentration as a Function of Final Feed 
Water Ammonia Concentration 
 
 
Figure 6.33 – MP2 Steam Generator Hydrazine Concentration as a Function of Final Feed 
Water Hydrazine Concentration 
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Figure 6.34 – MP2 Main Condensate Hydrazine Concentration as a Function of Final Feed 
Water Hydrazine Concentration 
 
 
Figure 6.35 – MP3 Steam Generator Ethanolamine Concentration as a Function of Final Feed 
Water Ethanolamine Concentration 
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Figure 6.36 – MP3 Main Condensate Ethanolamine Concentration as a Function of Final Feed 
Water Ethanolamine Concentration 
 
 
Figure 6.37 – MP3 Steam Generator Ammonia Concentration as a Function of Final Feed Water 
Ammonia Concentration 
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Figure 6.38 – MP3 Main Condensate Ammonia Concentration as a Function of Final Feed 
Water Ammonia Concentration 
 
 
 
Figure 6.39 – MP3 Steam Generator Hydrazine Concentration as a Function of Final Feed 
Water Hydrazine Concentration 
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Figure 6.40 – MP3 Main Condensate Hydrazine Concentration as a Function of Final Feed 
Water Hydrazine Concentration 
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6.7 Operational Experience with an Actual Seawater Intrusion 
Millstone has occasionally been plagued by seawater intrusions to the main condenser. 
For the most part, these have been chronic, low-level leaks on the order of 0.5 to 1 mL/minute. 
With seawater as the ultimate heat sink it is an easy task to identify and quantify these low leak 
rates. Unfortunately, the processes available to find a defect that small, e.g., helium injection, 
tubesheet soaping, have a demonstrated limit of 5 to 10 mL/minute, or higher. The amine-form 
polishers have always been able to mitigate these leaks, but the prolonged periods of ingress 
eventually necessitated a return to HOH-form operation. These periods are represented in 
Figures 6.15 and 6.18 by the time spent with zero amine-form polishers in service. Only once 
has the station has been faced with a significant seawater ingress with amine-form polishers in 
service, and that occurred on December 17, 2016 at Millstone Unit 3. The leak occurred into the 
“E” Circulating Water bay, with a peak leak rate of about 1 L/minute before the bay was isolated 
and drained. Figure 6.41 shows the time-concentration profile of sodium in the main condenser 
hotwell serviced by the “E” bay on 12/17/16. Figure 6.42 is a chart of steam generator sodium 
and chloride over a period bounding the day of the leak, and shows the lack of impact from the 
leak on these control parameters. 
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Figure 6.41 – Hotwell Sodium concentration during MP3 Seawater Leak 
 
Figure 6.42 – MP3 Steam Generator Control Parameters during Period of Seawater Intrusion 
Figure 6.43 is a photograph of the foreign material that entered the “E” Circulating Water 
bay, piercing a tube and initiating the leak. 
 
Figure 6.43 – Foreign Material in MP3 “E” Circulating Water Bay Inlet Tubesheet 
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6.8 Operational Experience: A New Ethanolamine Elevation Campaign 
The return to HOH-form polisher operation provided an opportunity to showcase all of 
the tools, models, and equations developed in this dissertation for the purpose of returning 
Millstone Unit 3 to Amine-Form Operation and implement an ethanolamine elevation campaign. 
Millstone Unit 3 had returned five polishers to the amine-form by April 2017, and Table 6.1 
shows summary data for the sequential increase in ethanolamine, implemented over a six-week 
period. 
 
Table 6.1 – MP3 Ethanolamine Elevation Campaign of Spring 2017 Summary Data 
Figure 6.43 shows the success the campaign had with respect to reducing final feed 
water iron concentration and transport to the steam generators. 
FFW 
conductivity 
= 4.3
FFW 
conductivity 
= 5.0
FFW 
conductivity 
= 5.5
FFW 
conductivity = 
6.0
FFW 
conductivity 
= 6.5
FFW iron, PPB 2.4 2.1 1.9 1.7 1.6
FFW  ETA, PPM 1.65 1.97 2.28 2.6 2.93
CPD ETA, PPM 0.975 1.19 1.4 1.62 1.85
CPD conductivity, uS/cm 3.22 3.66 4.06 4.47 4.87
CPD pH 9.111 9.170 9.220 9.260 9.300
CPF chloride, PPB 0.0153 0.0168 0.0181 0.0195 0.0208
SG chloride, PPB 1.19 1.79 1.94 2.08 2.22
GAL to HOH exhaustion, MM 52.6 44.6 38.8 34.2 30.4
Number of amine form beds 4 4 4 4 5
Frequency of polisher swaps, days 4.4 3.8 3.3 3 4
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Figure 6.43 – MP3 Final Feed Water Iron Concentration and Conductivity during Spring 2017 
Ethanolamine Elevation Campaign 
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6.9 Cost Savings and Nitrogen Loading 
Amine-Form Economics Model was used to compute the cost savings for the current 
configuration of Amine-Form polishers at Millstone. As shown in Table 6.2, extrapolated to an 
annual basis, Millstone is saving approximately $973,284 in chemical costs, and is discharging 
69,072 fewer punds of Nitrogen to Long Island Sound. Additional savings are realized in 
overtime, with about $200,000 saved per year. Millstone’s Flow Assisted Corrosion (FAC) 
engineer has estimated that the station is saving about $125,00 per year on reduced scope of 
FAC-degraded piping. 
 
 
 
 
 
 
 
 
 
Table 6.2 – Amine-Form Cost Savings and Nitrogen Loading 
 
 
 
 
 
 
 
 
 
 
Base Case, Zero Amine-Form Polishers Current Line-up of Amine Form Polishers
MP2 MP3 MP2 MP3
No.of Regenerations 28 33 No.of Regenerations 5 9
Acid $10,198 $11,916 Acid $1,700 $3,400
Caustic $19,980 $23,345 Caustic $3,330 $6,670
ETA $18,879 $21,049 ETA $3,146 $6,014
Unit Totals $49,057 $56,310 Unit Totals $8,176 $16,084
Station Total $105,367 Station Total $24,260
Nitrogen, lbm 3452 4030 Nitrogen, lbm 575 1151
Station Total 7482 Station Total 1726
Data presented on per month basis
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Chapter 7: Conclusions 
 
A method of producing low chloride fraction anion resin was developed, tested, and 
implemented at the Millstone Power Station condensate polishing facility. Ion exchange models 
were devised and employed to produce a low chloride fraction on the stationary phase of the 
anion resin, and to accurately depict the effect of high mobile-phase pH on contaminant elution 
during on-line conversion of the cation and anion resins from the HOH-form to the amine-form. 
Transport models were used to correctly predict the effect on steam generator contaminant 
control parameter concentrations from increased secondary cycle pH, facilitated by the 
deployment of multiple amine-form polishers. The increase in secondary cycle pH reduced 
general and erosion corrosion rates by approximately eighty percent. A correlation was 
developed between the concentration of iron and raw conductivity in the final feed water, 
identifying the limit of pH protection of secondary cycle piping and components. A means of 
computing aqueous phase pH and raw conductivity was created that enabled the use of a single 
parameter for monitoring and controlling the chemistry of the secondary cycle. Amine-form 
operation resulted in a significant reduction in bulk chemical and wastewater processing costs, 
with an accompanying reduction in nitrogen loading of Long Island Sound.  
Prior to the successful development and application of amine-form operation, secondary 
cycle resins, employed in the full flow treatment of the main condensate, were run to the amine 
exhaustion, or break point, removed from service, transferred to an external vessel, cleaned, 
separated, and regenerated, transferred to an off-service polisher vessel, then returned to 
service. Operated in the amine-form, these condensate polisher resins do not need to be 
regenerated, and are removed from service every 750 million to a billion gallons throughput for 
mechanical cleaning. 
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Compared to ion exchange resins operated in the traditional HOH form, which exchange 
pure water for salt, resins configured in the ETA-OH, or amine form, deliver an equivalent of 
beneficial secondary chemicals, chiefly ethanolamine, for every equivalent of chemical 
presented to the vessel influent. Ethanolamine, a volatile, weak base, is purposefully added to 
the condensate polishing effluent for secondary cycle pH control. Rather than remove it from 
solution, the polishers essentially recycle the available system supply of ethanolamine. Resins 
operated in the ethanolamine form have demonstrated the same affinity for seawater and 
brackish water-borne impurities as HOH form resins. The expensive and wasteful process of 
daily regenerations has been reduced, along with the discharge of controlled chemicals into the 
surrounding environment. Unburdened by a limited ion exchange capacity, the concentration of 
ethanolamine in the secondary cycle has been elevated to an optimum level for mitigation of 
single and two-phase erosion corrosion, with an 80% reduction in corrosion rates observed 
since the first bed was deployed. Conversion of the resins to the ethanolamine form was 
accomplished with existing equipment and material and required no fixed capital investment. 
The rates of bulk chemical usage, makeup water intake, and wastewater generation have been 
reduced to a fraction of the original levels, with a concurrent savings in costs. Presently, 
Millstone Unit 2 operates with all six condensate polishers in the amine form; at Millstone Unit 3, 
five of the seven polishers are in the amine form. This research has been successfully applied 
at Millstone’s sister Dominion plant in Virginia - Surry Power Station - with the technology 
offered to the rest of the U.S. Nuclear civilian industry by way of presentations made to the 
Electric Power Research Institute (EPRI) and the International Water Conference (IWC). 
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Dominion’s Millstone Power Station continues to employ amine form polishers as part of 
a strategy to reduce balance of plant corrosion and iron transport, while continuously providing 
protection of the primary pressure boundary inside the steam generators from chemical assault 
in the event of a condenser tube leak. The Millstone 2 plant was able to attain secondary amine 
concentrations and at-temperature pH levels that previously were unattainable at plants that 
employed full flow, deep bed condensate polishing.  
In the absence of seawater ingress, it was postulated that an amine-form resin charge 
could remain in service indefinitely. Operating experience showed that as time and volume 
throughput accrued, corrosion product deposition on the resins resulted in a slow degradation of 
flow rate. While the condensate polishing system has a constant volumetric flow rate consistent 
with plant power, the individual polishers are not equipped with flow control valves or a flow-
control system. Consequently, as flow rate degraded through any one polisher because of 
deposit loading, the remaining polishers experienced an increase in flow rate. Cleaning 
frequencies were established based on accrued volumetric throughput. 
Ion exchange resins do not permanently remove constituents from the aqueous phase; 
rather, by selectivity and rate of exchange, the resins serve to delay the transport of these 
constituents through the stationary phase. This continuous chromatographic displacement 
means that seawater-borne contaminants such as sodium and chloride introduced to the 
polisher influent will eventually elute at the polisher effluent and have a clear path to the steam 
generators. Therefore, any occasion of main condenser tube degradation resulting in seawater 
ingress to the main condensate must be evaluated for magnitude and transport time. Chronic 
seawater ingress as low as 2 mL per minute is incompatible with sustained amine-form 
operation. Seawater ingress has occurred several times throughout the amine-form campaign. 
For the most part these leaks have been of the chronic, low-magnitude variety. One substantial 
seawater intrusion occurred in December 2016 at Millstone Unit 3, with a peak leak rate of 
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approximately 1 liter per minute. On every occasion, the amine-form polishers prevented an 
increase in steam generator contaminant control parameters.  
One of the potential deleterious effects of amine-form operation is increased dissolution 
of the polymer structure of the resin. In the case of cation resin, dissolution would be manifested 
by increased sulfate leakage, though the sulfate leakage may not readily be detected on the 
polisher effluent since it could initially be present as organic sulfur compounds (42, 43). The 
pure sulfate would not be released until the sulfur-laden polymers underwent thermal 
decomposition in the steam generators. However, if the cation resin is degrading, it will foul the 
anion resin, so kinetic testing and measurement of the anion resin sulfate mass transfer 
coefficient was utilized to reveal any problems. Years of amine-form operation and kinetics 
testing, along with real-time evaluations during occasions of large seawater intrusions have yet 
to reveal any instances of kinetic impairment. 
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